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1. Executive Summary

Introduction

The Utility Battery Storage Systems (UBS)
Program is funded by the U.S. Department of Energy
(DOE) Office of Energy Management (OEM), and is
conducted by Sandia National Laboratories (SNL).
UBS is responsible for the engineering development of
battery systems for use in utility energy storage (uES)
and other stationary applications. Development is
accomplished through cost-shared contracts with indus-
trial partners. In addition to program management and
technical direction of the contracts, SNL conducts
analyses of the benefits of battery storage in utility
systems and performs appropriate applied research
activities. The performance and life of prototype batter-
ies or components produced by development contractors
are also characterized by SNL.

UBS is organized into five elements:

● Battery Systems Analysis

● Subsystems Engineering
. Lead-Acid

“ Technology Development at GNB Indus-
trial Battery (GNB)

s Evaluation at SNL
. Applied Research at SNL

. Zinc/Bromine
o Technology Development at Johnson

Controls Battery Group, Inc. (JCBGI)/
ZBB Technologies, Inc. (ZBB)

- Evaluation at SNL
. Sodium/Sulfur

. Technology Development at Silent
Power, Inc. (SPI)

“ Evaluation at SNL
- Electrical

● System Integration
“ AC Battery Development at Ornnion Power

Engineering Corp.
- AC Battery Module Modification for the

Hybrid Development Project at Omnion
Power Engineering Corp.

● System Field Evaluation
o Testing of AC Battery at Pacific Gas and

Electric (PG&E)
“ Special Evaluation

● Industry Outreach

This report describes the progress made on each
program element during FY94. One chapter is devoted
to each element, except for Subsystems Engineering.
Because most of the current UBS activity is performed
within this element, progress is presented in several
chapters by technology.

In the Battery Systems Analysis program element,
the UBS Program continues to study battery benefits
and to quantify the value of these benefits to utilities.
Thirteen key applications of battery storage for utility
use have been identified. Some of these benefits have
been tested and proven by battery systems in actual util-
ity operation. In upcoming years, several other benefits’
will need to be verified in tests by utilities. System and
feasibility studies will continue to be performed at spe-
cific utilities.

Subsystems Engineering improves the subsystems
that make up battery energy storage (BES) systems.
The battery subsystem must have lower cost, higher per-
formance, and improved integration with other system
components. Consequently, the UBS Program is devel-
oping an improved battery technology, the maintenance-
free valve-regulated lead-acid (VRLA) battery. When
the existing cost-shared contract is completed, the tech-
nology will be ready for integration into utility systems.
The use of improved near-term battery technology, such
as VRLA, offers the potential to increase the quantity
and types of utility applications that can be served by
battery storage compared to conventional lead-acid bat-
teries. Under the UBS Program, the advanced battery
technologies, zinc/bromine and sodium/sulfur, are also
being progressed specifically for these applications
under cost-shared contracts. These advanced systems
can favorably complement the near-term VRLA option
in those applications where relatively high energy
capacity is required (duration is 2 1 hr) and footprint/
portability are important. Relevant applications include
renewable, transmission and distribution (T&D) facil-
ity deferral, and customer-side peak reduction.

Although a number of candidate advanced battery
technologies are being developed with private and
public funding, zinc/bromine and sodiurrdsulfur are felt
to have the best chance of providing the desired benefits
and to be commercially available around the year 2000.
The technologies have different sets of obstacles to
overcome because two radically different types of bat-
teries are represented. In this program, development is
focusing solely on the needs for UES applications,

1. EXECUTNE SUMMARY 1-1



which may be different from those for other applica-
tions, such as electric vehicles. While both mandate
safety first, the UES application must emphasize cost
over weight- or volume-based performance require-
ments. Nevertheless, during the course of this program,
external development of any emerging battery technol-
ogy (e.g., lithiundpolymer electrolyte, nickel/metal-
hydride) will be closely monitored to determine whether
a utility-specific activity is warranted.

For the electrical subsystem, UBS will develop
standardized, modular power conditioning system
(PCS) designs that will lead to lower manufacturing
costs. The focus of this task is to improve the electrical
subsystems, such as power conversion, control systems,
and switch gear, by pursuing design standardization
leading to lower manufacturing costs and incorporating
advances in power electronics to improve performance.

In the System Integration element, the program
develops complete units that include energy storage
devices, electrical power conditioning equipment, and
other required ancillaries. A “modular” system design
approach is being promoted in all UBS system engineer-
ing and system integration activities. This approach is
viewed as the most effective way to reduce production
costs as well as one-of-a-kind engineering and design
costs associated with most of the present systems.

In the System Field Evaluation element, field quali-
fication of hardware that incorporates the prototype
designs and associated manufacturing methods is com-
pleted. This activity represents the final step of this
phase of engineering development. For the technology
being developed under UBS, the qualification process
involves the detailed characterization of performance,
maintenance requirements, and reliability of integrated
systems at relevant utility sites.

The UBS Program uses a variety of mechanisms to
disseminate the latest battery information to utilities
through its Industry Outreach program element. The
program assists the Utility Battery Group (UBG) in its
efforts to encourage utilities to examine the potential of
battery systems. The UBG is a utility interest group
composed of representatives from several utilities; man-
ufacturers of batteries, converters, and systems; and
consultants. The program also interacts with efforts by
the Elecrnc Power Research Institute (EPRI) to inform
its utility members about battery systems, to develop
battery storage evaluation software, and to quantify the
benefits of battery storage. DOE and SNL regularly
publish articles and attend engineering and utility meet-
ings to inform the public about BES.

The highlights of the achievements for each of
these projects for FY94 follow. Also included in this

chapter are status sheets for the nine FY94 controllable
milestones for the UBS Program.

Highlights

Battery Systems Analysis

Opportunities Analysis

Over the last few years, developments in the appli-
cation and design of BES systems have added a fairly
broad base of new information in this emerging technol-
ogy. At this time, there is a need to pull together this
body of information and identify areas where further
study is needed to fill in the gaps. Thus, the UBS under-
took a major task, the Opportunities Analysis, which
was initiated in October 1993, with five specific objec-
tives:

●

●

●

●

.

Identify and rank potential utility applications
for BES systems.

Define application requirements for BES
systems.

Identify the best applications for each UBS bat-
tery technology: lead-acid, sodium/sulfur, and
zinc/bromine.

Assess the potential market size and potential
benefits of BES to utilities and the nation.

Establish a standardized cost breakdown for
BES systems.

The UBS formed a team consisting of utility repre-
sentatives, battery and battery system developers, indus-
try consultants, and UBS staff to contribute to the study
and review its findings. As the team met and compared
available information, it became evident that applica-
tions requirements information was available to accom-
plish most of the study objectives; however, there were
large gaps in knowledge relating to market size and
national benefits. It was decided that this information
would be gathered separately in a follow-on Phase II
that will be specifically targeted toward obtaining bat-
tery market information.

In the current phase, the study identified 13 poten-
tially feasible applications of BES, broadly classified as
(1) generation, (2) T&D, and (3) customer service appli-
cations. For each application, the fundamental require-
ments for the battery system in power, energy capacity,
interconnection voltage, power conditioning, expected
cycles per year, footprint, and portability were identi-
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fied. In addition to these individual applications,
another set of three multiple (or combined) application
groups were also defined, because of the likelihood that
BES systems will not be used in a single application
mode only. These applications and their requirements
were then matched to the three battery technologies
under development in the UBS on the basis of the per-
formance characteristics for each technology.

Following the identification of the 13 applications
and their requirements, the study developed a set of
unique graphical and text description sheets for individ-
ual applications. This is a first-of-a-kind attempt at
graphically representing the condition on the utility net-
work and the corresponding response by the battery sys-
tem to compensate or correct it.

The study also reviewed the costs of existing bat-
tery projects and noted the inconsistencies in allocating
cost to individual subcomponents of the system. These
inconsistencies make it difficult to compare the project
costs on a component-by-component basis. The study
proposed a standardized cost breakdown scheme com-
posed of 10 discrete subsystem components. Adherence
to this scheme will eliminate the ambiguity in reporting
the costs of future battery system installations.

The potential benefits and market size of BES on a
national scale were analyzed. Results indicate a poten-
tial benefit of $57 billion through 2010. This estimate is
larger than previous SNL study estimates because it
includes T&D benefits that were not included in the pre-
vious study. However, due to the preliminary nature, the
study recommended a Phase II follow-on effort to refine
these values through a well-defined market study.

In addition to presenting the range of original infor-
mation generated during the study, the study report
listed the following important conclusions:

● VRLA technology has the potential to optimally
or adequately satisfy most of the defined UES
applications. The key deficiencies for this tech-
nology are energy density and portability. Con-
sequently, in applications where footprint or
portability is an important consideration, the
VRLA-based systems will be at a disadvantage.

“ The advanced batteries (sodium/sulfur and zinc/
bromine) favorably complement the near-term
VRLA option primarily where higher energy
capacity is required (> 1 hr) and portabilityy and
footprint are important.

SMUD Battery Storage Feasibility Study

The Sacramento Municipal Utility District (SMUD)
is cost-sharing a study of the economic feasibility of
battery storage in conjunction with new renewable gen-
eration through variable-speed wind turbines. The study
began in August.

Chugach Electric Feasibility Study

A feasibility study has started at Chugach (Anchor-
age, Alaska) with participation from the EPRI, Chugach,
and the Golden Valley Electric Association (GVEA).
Two approaches for the study were proposed and dis-
cussed, one was selected, and the kickoff meeting was
held in Anchorage in June.

Subsystems Engineering - VRLA

Technology Development - GNB

Battery improvement tasks have progressed during
thk year. Characterization of the operation of the pres-
sure relief vent presently used in the GNB VRLA bat-
tery has shown that performance is repeatable; however,
a redesign is needed to adjust to a new preferred operat-
ing pressure range. Parameters of the present and alter-
native vent designs that are most influential to the oper-
ating pressure have been determined. Development of
an optimized design is continuing. Long-term tests on
four groups of cells fabricated with various methods for
accommodating positive plate growth are also in
progress. At this point, the drop in open-circuit voltage
during a stand test has been equivalent for all four
groups. Float currents and voltages on another group of
samples have also been stable, and all cells are deliver-
ing in excess of 100% of rated capacity. A recharge pro-
file has been developed that ensures adequate recharge
of a VRLA battery in a typical utility application while
minimizing gas evolution and limiting temperature rise
to less than 10°C. A timed, constant-current finish for
the recharge has been found to meet these goals and can
be easily incorporated into control logic. In order to be
able to estimate the heat generated by a battery system
under a variety of operating conditions, a thermal model
has been constructed and validated. The model predicts
that the ABSOLYIX IIP battery design will reach higher
temperatures during overcharge than the older
ABSOLYTE II design. Multiple tasks to reduce the risk
of ground faults in utility battery systems have also con-
tinued. Evaluations of nonconductive battery trays have
shown increased temperatures during cycling and over-
charging experiments. Active cooling may be necessary
for thermal management if these trays are utilized.
Also, the terminal-post seals have been redesigned to
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eliminate electrolyte leakage, which contributes to
ground faults. Samples of the new parts have been
received and are being examined for signs of porosity
and cracking that could still allow leakage to occur.
Cycle-1ife testing of cells constructed with a positive
active material formulation based on a Ieady oxide is in
progress. After 300 cycles, performance has not devel-
oped as expected and a boost charge has been provided.
Test samples made with leady oxide and the baseline
positive material formulation are behaving similarly.
Float life tests are also under way.

Phase 2 tasks have also shown progress. Tooling to
fabricate and assemble the 2-V modular MSB battery
battery design has been manufactured and is being
debugged at the manufacturing facility. Prototypes will
be available early in 1995. Discharge performance esti-
mates have been verified using identical plates in a 12-V
battery module. The advanced LSB design has been
modified to solve a seal leakage problem. The integrity
of the terminal post seal in the new design has been val-
idated, and permanent tooling has been ordered to pro-
duce the battery components. High-rate discharge per-
formance was degraded less than 10% by the design
change. Preproduction samples will be available for the
LSB early in 1995. Work on the copper negative grid
for advanced VRLA batteries has been hampered by a
lack of suitable lead-coated copper wire. A test of the
concept is in progress with lead-plated copper. The ini-
tial evaluation of several alternative positive grid alloys
that may extend VRLA battery life has been completed.
Accelerated deep-cycle tests showed two of the altern-
atives approach the capabilities of the standard MFX
material used by GNB. The second-stage float-life tests
in full-size battery modules have now begun. Studies of
positive plate additives and new electrolyte immobiliza-
tion materials have both progressed very slowly due to
difficulty in obtaining the desired materials. Modified
glass fiber blends and polymeric materials that could be
used as electrolyte absorbants tend to have other proper-
ties that make them inappropriate in the battery environ-
ment.

A final report summarizing Pacific Gas & Electric
(PG&E) efforts to evaluate BES as an option for distrib-
uted storage within their network was received early in
the year. In this study, PG&E primarily looked at the
benefit from deferring substation upgrades that were
made necessary by load growth on their system. Four
case study sites were analyzed assuming a 1-yr upgrade
deferral and the availability of battery systems in the
0.5- to 2.O-MW range. The economic benefits from the
deferral were adjusted to account for maintenance and
transportation costs for the battery and then expressed as
an allowable break-even cost for the battery system. For

a 1-MW/2-MWh battery with a design life of 10 yr, this
allowable cost was found to be about $700/kW.

An announcement of the availability of a 250-kW/
500-kWh battery for a field test at the end of the GNB
development program was sent out by the UBG.
Responses from utilities and other parties interested in
hosting this test have been good. Several of the poten-
tial hosts are examining their systems to determine spe-
cifics about how the battery could be used and the most
appropriate size for the system to be tested. A site selec-
tion process will begin early in N95.

Quantification of the Costs/Benefits of Battery
Energy Storage - UMR

A contract has been placed with the University of
Missouri - Rolls (UMR) to perform operating cost cal-
culations for a utility system with and without BES.
This will be one of the inputs to the economic evalua-
tion of improved battery designs in the GNB contract.
UMR has learned how to use DYNASTORE and the
program is now fully operational at their site. The first
utility that has been studied is an island system and cal-
culations have been carried out for battery applications
in the areas of load leveling, spinning reserve, and fre-
quency control. These results. were compared to base
cases where there was no battery on the system. Signif-
icant operating cost savings were found for all these
applications, either alone or in combination. A few
other unit commitment scenarios are being examined
and the sensitivity of the results to factors such as bat-
tery size is being checked. The final report on the analy-
sis for this utility system is expected at the end of the
first quarter of FY95.

Technology Evaluation - SNL

In December of 1993, SNL received three Type
1OOA-25ABSOLYTE HP modules from GNB for eval-
uation of the intermediate product. Activities in the first
three quarters, and in the early part of the fourth,
included ordering test station equipment; converting an
existing laboratory into a new test facility; assembling
the test station (configuring hardware and implementing
software code); and performing checkout tests to ensure
proper operation of all related test equipment. Other
activities in the fourth quarter included drafting a test
plan to define testing of the ABSOLYIT HP modules.
The test plan includes constant-current discharges to
measure capacity, arealfrequency regulation, spinning
reserve, and possibly life cycling using the area/fre-
quency regulation and spinning reserve cycles. Area/
frequency regulation and spinning-reserve tests will be
similar to those for the PREPA/C&D lead-acid batteries
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that were performed at SNL in 1992-1994, with power
levels scaled to ABSOLYTE 11P ratings. In the last
quarter, testing of the ABSOLYTE HP battery was
started. At that time, three consecutive constant-cument
discharge tests at the 8-hr discharge rate were per-
formed.

Applied Research - SNL

Work on coatings for the rubber plugs in GNB pres-
sure relief valves has been suspended. Initial test results
on valves containing samples of the coated plugs did
show increased uniformity of the opening pressure, but
the vent is now being completely redesigned because of
a change in the target pressure range for operation of the
battery and because of space constraints on new battery
cover designs. The need for coatings cannot be assessed
until the configuration of the new pressure relief vent
has been defined.

Discussions have been held with GNB as to
whether SNL could assist in the evaluation of surface
treatments of battery grids for the improvement of bat-
tery performance. A statement of work has been agreed
upon that makes use of special facilities at SNL to
prepare treated grid samples that will then be evaluated
by GNB. Materials that are needed for the surface treat-
ment are on order and initial samples are anticipated to
be available early in =95.

Subsystems Engineering - Zinc/
Bromine

Technology Development - JCBGUZBB

l%e performance of V-design battery stacks has
gradually improved over the course of the contract.
Three batteries have completed greater than 500 base-
line cycles. Battery V 1-79 has completed 951 cycles
and is still performing at 69.3% energy efficiency (EE).
Recent developments in terminal electrode and cathode
layer production have produced a stack, V1-80, with
79.0% EE on baseline cycling and 80.2% EE on cycles
without a zinc strip. This battery continues to perform
at 77.790 EE after 497 cycles.

Anew process for preparing terminal electrodes has
demonstrated a 50qo reduction in resistance. This corre-
sponds to at least a 1Toincrease in vokaic efficiency. A
high-surface-area bromine electrode has been developed
with 2-3 times the surface area of previously prepared
electrodes. The surface area of recent electrodes is
about 10,000 cm2/cm2, as compared to 2000-3500 cm2/
cm2 for earlier electrodes. An electrode with an even
higher surface area of 50,000 cm2/cm2 has also been

developed, but has not yet been tested in a battery. The
higher surface areas are expected to extend the cycle life
expectancy of the batteries.

Manufacture of the 100-kWh final deliverable bat-
tery is in progress. The design consists of three com-
partments containing battery modules and a compart-
ment for electrical panels, a scrubber and heat
exchanger. These are all contained in a sealed HaZ-mat
building. Seven 60-cell, 2500-cm2 stacks have been
qualified as potential stacks for the 100-kWh deliverable
battery. Each stack achieved 75-77% EE on baseline
cycling.

A 60-cell, 2500-cm2 battery stack achieved greater
than 19 kWh when it was discharged over a 3- to 6-hr
period. Modifications in the design of the 2500-cm2
series flow frames have demonstrated improved perfor-
mance. Energy efficiencies as high as 78% have been
observed on baseline cycles for 8-cell stacks. Stacks
with 60 cells have achieved 77% EE.

The 2-kWh deliverable battery station was rede-
signed using a prototype controller with control func-
tions similar to that in the 100-kWh deliverable. The
station is presently being tested in the SNL laborato~.

Technology Evaluation - Zinc/Bromine

A prototype 2-kWh, 8-cell zinc/bromine battery
was delivered to SNL in August 1994 by JCBGUZBB.
The battery was placed on test, and a new microproces-
sor controller was installed. The battexy capacity was
verified in the initial test and the controller was
debugged.

Applied Research - Zinc/Bromine

A final report was prepared that described the syn-
thesis and evaluation of novel completing agents for
zinc/bromine electrolyte. The report was reviewed and
is being modified for publication.

Subsystems Engineering - Sodium/
Sulfur

Technology Development - SPI

During the first quarter of the year, activity focused
on completing the fabrication of a 12-kWh prototype
battery (Task 3). This battery was delivered to SNL on
schedule (January 1994) for testing. Since that time, the
effort has concentrated on identifying suitable applica-
tions for the technology (Task 1) and completing the
detailed design of the modular NaS-Pac UES system
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(Task 4). This detailed design will serve as the basis for
developing system cost estimates. The UES central sul-
fur (c/S) cell development effort (Task 2) was also con-
tinued under a restructured plan. This plan emphasized

. the work required to ensure the hermeticity of the large-
diameter anode (sodium) seal and improvements in cell
build yields to allow freeze/thaw (F/T) durability and
safety performance to be characterized.

To better communicate with potential customers the
advantages of advanced BES, Silent Power made a con-
certed effort to address utility assemblies at association
meetings. This forum has proved to be fruitful in that
direct feedback from utility members has been provided
relative to some specific customer-side applications. In
general, the principal customer-side applications appear
to be oriented toward improving power quality and reli-
ability with some interest expressed in peak shaving.
Small turnkey power packages with 0.5 to 1.5 MW and
0.5-1 hr of storage appear to be required to satisfy these
types of applications.

Utilities have a strong interest in maintaining satis-
fied customers, especially in the face of deregulation
and increased competition. Some utilities have
expressed a potential interest in providing energy stor-
age systems to their customers as an option, but the
acceptance will depend critically on reliability and
cost. The primary cost competition for battery systems
appears to be diesel generators at $250-375/kW. The
instantaneous response and the environmental benefits
of BES systems are the attractive features over such tra-
ditional types of spinning equipment. Unfortunately,
BES systems have 2-3 times the cost of diesel genera-
tors, so the customer benefit per incidence must be sig-
nificant for the few times per year that the system is
needed to protect the operation. The ability to do some
peak shaving along the way may help the economics
depending on how “pesky” the load is, how high the
utility demand charges are, and how much storage is
required to ensure that the peak is shaved. Peak shaving
opportunities exist, especially in the northeast, that can
demonstrate a 20-30% rate of return with a 3-yr pay-
back. The results of the application studies thus far are
encouraging, with the caveat that reliability and cost
will be major issues for market acceptance.

The detailed design of a 300-kW/l-hr modular
NaS-PaC BES system was completed. The system
design is based on available 300-kW power conversion
system (PCS) design options employing line- and self-
commutation. The height and width of the National
Electrical Materials Association (NEMA) cabinet are
limited to 90 in. (2.29 m) and 84 in. (2.13 m), respec-
tively, to permit maximum transportability. The initial
battery design consisted of four separate battery packs,

each rated to deliver 75 kW continuously for 1 hr with-
out active cooling. The battery packs were stacked on a
supporting steel shelf structure attached immediately
behind the PCS. Clearance was established between
shelves to permit easy on-site battery replacement using
a fork lift.

Each pack included 4800 10-Ah Mk4 sodium/sulfur
cells. The cells were surrounded by a self-supporting,
nonevacuated, thermal enclosure with self-contained
heating elements for maintaining operating conditions
within the battery pack. A nearly equivalent number of
capsules was intimately bound into the interstitial space
between cells with a cement that provided both electri-
cal isolation as well as good thermal transport character-
istics. These capsules contained a low-cost latent-heat-
storage material to arrest temperature rise during
extended discharge periods. This is the first battery
design to employ such a passive cooling scheme to
extend battery operation, improve overall efficiency, and
maximize the reliability of the thermal management sys-
tem.

In June, RWE GmbH, the parent organization of
Silent Power, made the decision to close its Clifton
Junction Mk4 cell manufacturing facility in order to
concentrate its resources on a new, higher-power cell
design, one tailored to the needs of elecrnc vehicles
(EVS). A new production facility for this high-power
cell is now under construction. This decision presented
a major perturbation to the efforts of SPI to use the Clif-
ton Junction product in an intended demonstration of the
technology. SPI decided to take the approach of simply
using EV batteries to accomplish this same goal. The
merits of doing this are immediately evident when seen
from the standpoint of volume production (availability)
and reduced cost as well as lower battery resistance. By
combining an early UES battery market with the poten-
tial high-volume EV battery business, the goals of a
low-cost BES system can be better and more quickly
served.

A new l-hr NaS-PaCsystem was then designed that
uses 10 standard 40-kWh EV batteries. These are con-
nected 2 series x 5 parallel, providing 640-VDC input to
the 300-kW PCS at full load and requiring 800 VDC at
the top of charge. The resistance of the battery system is
predicted to be 145 mC2. The batteries are stacked five
high in each of two staggered rows behind the PCS
envelope. Adjacent alcoves serve as dedicated electrical
cabinets for interconnect cabling, isolation switches,
and battery management hardware. The module system
weight is nearly 16,000 lb (7250 kg) and measures 7.5 ft
tall (2.29 m) x 7 ft wide (2.13 m) x 8 ft long (2.44 m),
Two NaS-Pw units are easily transportable with a stan-
dard trailer.
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Preliminary costs for the 1-hr NaS-PaC system are
$630/kW for an annual production volume of 10,000
EV batteries (an early EV market). At maturity
(-100,000 batteries/yr), the cost of this system is esti-
mated to drop to $428/kW. Provided that the system
proves to be reliable and that battery replacement can be
scheduled to meet a projected 5-yr warranty, the NaS-
PaCUES system will compete with diesel and gas tur-
bine generators for the peaking and standby power
applications, while offering customers enhanced power
quality and reliability.

Technology Evaluation - SNL

Testing of the 12-kWh sodiundsulfur UES battery
supplied by SPI began during the latter part of FY94.
This battery represents the principal hardware deliver-
able from the development contract. The UBS Test
Plan: SPI Sodium/Sulfur Utility Battery, test plan num-
ber UBS/SS- 1, revision 1, March 29, 1994, is being fol-
lowed. The objectives of the testing are (1) to confirm
the battery electrical performance ratings, (2) to identify
its capability to meet basic cycling requirements associ-
ated with several promising candidate UES applications,
(3) to gain experience with SPI’S integrated battery
management system (BMS), and (4) to determine the
battery service life using a customer peak-shaving
requirement.

The commissioning of the battery and test system
operational verification began during the first week of
September 1994. The only tests performed during this
period were constant current discharge and subsequent
recharge. These tests consisted of heating the battery to
330°C under control of the BMS and then performing
C/3-100% depth-of-discharge (DOD) cycles with C/9
rate recharges. The elecrncal interfaces between SNL’S
tester and SPI’S BMS were evaluated during these
cycles. The evaluations revealed some interface incom-
patibilities that required software modifications to both
SNL’Stester and SPI’S BMS.

Subsystems Engineering - SNL
Evaluation Lab

Four 12-kW testers from Transistor Devices were
purchased by SNL for testing utility battery systems.
The charge voltage range of these units is 5-48 V and
the maximum charge current is 500 A. On discharge,
there are three 4-kW loads in parallel to provide a maxi-
mum power rating of 12 kW. The discharge voltage is
5-400 V and the maximum current is 1800 A. The hard-
ware controller and data acquisition system for these
testers was developed at SNL and can perform a fre-

quency regulation and spinning-reserve cycle. These
testers are also capable of performing constant-current
and power charge/discharge cycles.

One of these testers is being used to test a 12-kWh
sodiumhdfur utility battery from SPI. A second tester
is evaluating a 1200-Ah VRLA utility battery from
GNB Industrial Battery Company. The remaining two
testers are scheduled to evaluate additional VRLA bat-
teries from GNB.

System Integration

AC Battery Prototype Development - Omnion

During the first three quarters of FY94, the AC
Battery prototype was thoroughly and successfully
tested at the PG&E Modular Generation Test Facility
(MGTF) in San Rarnon, California. Characterization
testing was completed in March 1994 and life testing to
determine the cycle capacity of the battery set began
immediately thereafter. Life testing continued until late
July 1994 when the system began exhibiting end-of-life
symptoms and system operation problems precluded
continuation of testing. The equivalent of nearly 100
deep-discharge cycles were completed before the sys-
tem was shut down for a complete retrofit of the battery
complement with the AC Delco AES 2010 utility bat-
tery,, a low-cost flooded lead-acid battery specifically
designed for utility applications. Retrofit is scheduled
for completion in February 1995 and testing is sched-
uled to resume at the MGTF in mid-March 1995.

AC Battery Module Modification and Hybrid
Development Project - Omnion

Development of a Hybrid Control System, which
will provide for the seamless transfer of load to a stor-
age system, a renewable power source, or a diesel gen-
erator, is nearing completion at Omnion. Development
of this system is cosponsored by the SNL Storage Bat-
teries and Photovoltaic System Departments. Demon-
strations of seamless transfer have been observed during
breadboard testing. The development of this system
will lead to the further development of an intelligent
control system to manage the complete operation of off-
grid power generation systems. The Hybrid Control
System is scheduled for delivery to the Photovoltaic
Systems Evaluation Laboratory at SNL in late March
1995. Testing of the Hybrid Control System will be
conducted at the Photovoltaic Systems Evaluation Lab
(PSEL) to verify the seamlessness of load transfer over
a wide variety of loads in an operational environment.
The goal of the development is to allow transfers among
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selected power sources without interruption or corrup-
tion of the power to the load.

System Field Evaluation

PG&E Testing of AC Battery

The AC Battery prototype was delivered to the
PG&E MGTF in San Ramon, California, in October
1993 after transport by truck from Omnion Power Engi-
neering Corporation, East Troy, Wisconsin. The unit
was readied for testing within 1 week after delive~.
Characterization testing was initiated in November 1993
and completed in late March. Following the successful
completion of the characterization testing phase, the AC
Battery prototype immediately began life-cycle testing.
Early in life-cycle testing, it appeared that the system
was nearing end-of-life prematurely. Delco Remy and
Omnion analyzed test data and determined that the
system had been chronically undercharged throughout
the test program because of a too-conservative charging
algorithm. This resulted in the premature aging of the
batteries, which led to degradation in system capacity.
Testing continued until the end of July 1994, when life-
cycle testing was terminated with nearly 100 deep-
discharge cycles completed. Testing is scheduled to
resume with the new batteries in mid-March 1995.

Special Evaluation at SNL - PREPA/C&D
Lead-Acid Battery

Five more UES cycles were completed on the 12-
cell series string being tested at SNL. These included a
duplicate baseline experiment starting at 32.2°C (90”F);
in addition, four tests were run at the higher turnover
rate of 3.0, two starting at 32.2°C and two starting from
ambient temperature. All of these tests were completed
successfully. Analysis of the temperature data showed
no evidence of a significantly higher heat generation
rate by the battery when it was operated at the higher
capacity turnover rate. During these cycles, a few ther-
mocouples were lefi in position to measure the unifor-
mity of the wall temperatures in the test chamber and to
test the exit air temperatures downstream from the
exhaust fan. These measurements continued to indicate
a fairly uniform condition. Imaging of the inside of the
chamber and the battery surface with an infrared camera
also showed reasonably homogeneous temperatures.

Before running the last two UES cycles, the battery
was equalized in order to determine if cell voltage
spread would be decreased and battery capacity
improved. A final battery capacity measurement made
at the conclusion of the thermal testing showed a capac-

ity decline that was traced to a disconnected air line to
one cell on the electrolyte mixing system. A rough esti-
mate of what the capacity test results would have been
in the absence of this problem indicated that equaliza-
tion probably did not significantly improve the available
battery capacity.

The latest temperature data have been fit to a ther-
mal model and the reduced noise levels during the spin-
ning reserve discharge part of the test have led to much
better estimates of the battery resistance parameter. In
general, the battery heat generation rate and heat trans-
fer coefficient have not had to be changed as a result of
fitting the current data. A revised prediction of the tem-
perature rise in the Puerto Rico facility has been made
with the model by incorporating more realistic battery
operating parameters for the spinning reserve discharge.
The maximum estimated temperature rise for the Puerto
Rico Electric Power Authority (PREPA) facility occurs
during the spinning reserve discharge and reaches
10.1°C(18.2”F) above ambient temperature.

Industry Outreach

Multiyear Program Plan

A multiyear program plan titled “Utility Battery
Storage Systems Program Plan - FY 1994-1998” was
completed and published in February 1994. Copies of
the plan were mailed to a large number of individuals on
the program’s mailing list, and several hundred addi-
tional copies have also been distributed at conferences
and utility expositions where the UBS program was rep-
resented.

The 46-page, fully illustrated document examines
the past and future role of battery energy storage in the
electric utility network, the critical issues in the accep-
tance of this technology by utilities, and an activity-by-
activity description of the UBS program aimed at
resolving each of the issues. Each of the five elements
of the UBS Program, 1) battery systems analysis,
2) subsystems engineering, 3) systems integration,
4) system field evaluation, and 5) industry outreach, are
described in detail. The document was the result of an
intensive effort by the UBS staff examining every aspect
of the existing program against the stated goals and
objectives. Consequently, the Plan represents a road-
map for the program activities leading to the realization
of the program goals. Drafts of the plan were reviewed
internally and by DOE/OEM prior to its final publica-
tion.
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IEE T&D Exposition

Under the ongoing industry outreach activities, the
UBS was showcased in an IEEE T&D Exposition held
in Chicago April 11-14, 1994. The weeklong biannual
exposition focuses on the latest products and services in
T&D and attracts 10,000-12,000 attendees from the util-
ity industry.

The UBS display included posters describing the
program, significant events in the evolution of BES in
utility applications, and utility applications of BES.
Four new brochures were prepared describing specific
T&D applications, existing and advanced battery sys-
tems, the UBS program, and the AC Battery prototype; a
separate brochure describing the UBG was also pre-
pared. All the display posters and brochures have been
designed for reuse at future conferences and exhibitions
as the opportunity arises.

The AC Battery Corporation dkplayed a complete
container and a module, making this the first time that
the AC Battery was publicly displayed to such a large
audience. The hardware display was supplemented by
brochures and background literature describing the sys-
tem and its capabilities.

Metlakatla Village Battery Project

Metlakatla Vlllag% situated in southern Alaska,
operates a large lumber mill that causes an intermittent
spike load on the electric system. The village is sup-
plied by baseload hydro units that do not have the rampi-
ng capability to correct the mill’s spike. To compensate
for this, the village installed a large diesel, which is
lightly loaded for the majority of its operating time,
resulting in low efficiency and high diesel fuel con-
sumption. The village inquired about battery storage as
an option, and detailed presentations on battery technol-
ogy were made by a joint SNL, GNB, and GE team to
the Board of Directors of Metlakatla Power and Light.

Consequently, the Board requested that GNB pre-
pare a formal proposal for a battery system; this pro-
posal was submitted to the village in May. In mid-May,
the Wlage Council voted unanimously to purchase the
battery system. However, the village also needs REA
approval to proceed further with the battery project.
The REA expressed reservations about granting its
approval, and DOE and SNL staff met with REA to
resolve the issues raised by REA. This meeting was
successful in resolving most of the REA concerns about
the readiness of BES technology and its applications.
The REA wants DOE/SNL to remain involved in an
advisory/support role to Metlakatla Village during the

course of the project. At present, the village and the
GNB/GE team are negotiating acceptable terms for a
contract to purchase the system.

Utility Battery Group

The UBG held its regular biannual meetings in
November 1993 in San Ramon, California, and May
1994 in Dallas, Texas. UBS staff attended the Steering
Committee meeting as well as the general meetings.

The San Rarnon meeting showcased the newly
installed AC Battery prototype at PG&E’s Modular
Generation Test Facility in San Rarnon. The prototype
unit had recently been delivered to PG&E for testing,
and at the time of the UBG meeting, it was still in the
startup stage.

The Dallas meeting marked an evolutionary miles-
tone for the UBG. At this meeting, the voting members
of the Steering Committee passed a resolution allowing
nonutility participation in the Steering Committee
through an Advisory Group. Until that time, the Steer-
ing Committee meetings were open only to the original
eight founding utilities of the UBG.

Other Industry Outreach Activities

UBS staff attended and made presentations at the
Northeast Elecrnc Utility Battery Conference in Albany,
New York. Two presentations were made to the over
125 attendees at this annual meeting, one an overview of
the UBS Program, the other a presentation on a recently
completed applications analysis done by UBS. Both
talks generated many questions, and over 20 requests for
more information were received. Of the attendees, more
than 24 eastern utilities were represented, with many
manufacturers and consultants also present. A key issue
raised at the meeting involved the perceived poor reli-
ability of VRLA batteries for utility applications. Since
this technology is being developed by UBS for these
applications, the perception of poor performance by the
industry is significant to future market penetration. To
investigate the reliability issue, data presented at the
meeting will be reviewed and discussed with the UBS
lead-acid battery developer.

DOWOEM and UBS staff visited PREPA to present
the results of the thermal tests performed on the PREPA
batteries at SNL and to tour the recently completed
20-MW spinning reservelfrequency regulation battery
system. Other issues discussed during the meeting
included the 5th International Battery Conference that
will be held in Puerto Rico and hosted by PREPA in July
1995.
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At the time of the visit, the battery system was in Consequently, the predominant problems encountered
the startup testing phase. Problems that are normally were in the controls and integration area. PREPA was
expected during the startup of a complex facility such as aggressively pursuing understanding their root causes,
the PREPA battery were being resolved by both PREPA and it was evident that, with this experience, future bat-
staff and the subsystem vendors. This battery system tery systems installed by PREPA will be acquired on a
was procured on a piecemeal basis, and the major com- turnkey basis.
ponents were assembled on site by the different vendors.

1-10 1. EXECUTIVE SUMMARY



UBS Program Controllable Milestones

Milestone Thle:
Deliver AC Battery to PG&E.

Responsible Organization: Reportable Date:
Omnion Power EngineeringCorp. October 1993

Milestone Status:
Completed October 1993.

Program Discussion Issues:
None

Future Reportable Milestones/Schedule:
None

Milestone lltle:
Complete preliminaryopportunitiesanalysis.

Responsible Organization:
SNL

Milestone Status:
Completed February 1994.

Program Discussion Issues:
None

Future Reportable Milestones/Schedule:
A comprehensivefinal report is being prepared and will be available in
November.

Reportable Date:
March 1994

Milestone Title:
Deliver JCBGVZBB 100-kWh zinchromine battery system.

Responsible Organization:
JCBGI

Milestone Status:
Milestone slipped to October due to fundingstretchout/lackof fundingin
quarter 1 of FY94.

Program Discussion Issues:
Design of 100-kWh system is complete. Fabricationof system compo-
nents is 50% complete.

Future Reportable Milestones/Schedule:
8-cell deliverable for SNL completedJCBGI tests and shippedto SNL in
August.

Reportable Date:
October 1994
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UBS Program Controllable Milestones

Milestone Title:
Deliver SPI 12-kWh sodiurnhlfur battery.

Responsible Organization: Reportable Date:
SPI March 1994

Milestone Status:
Completed ahead of schedule (January 1994).

Program Discussion Issues:
None

Future Reportable Milestones/Schedule:
None

Milestone Title:
Deliver GNB intermediatedesign VRLA battery modules.

Responsible Organization:
GNB

Milestone Status:
Completed on schedule.

Program Discussion Issues:
None

Future Reportable Milestones/Schedule:
None

Reportable Date:
December 1993

Milestone Title:
Deliver draft UBS Annual Operating Plan to DOE.

Responsible Organization: Reportable Date:
SNL September 1993

Milestone Status:
Completed on schedule,

Program Discussion Issues:
None

Future Reportable Milestonee/Schedule:
None
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UBS Program Controllable Milestones

Milestone We:
Deliver UBS Multiyear Program Plan to DOE for printing.

Responsible Organization: Reportable Date:
SNL October 1993

Milestone Status:
Completed on schedule.

Program Discussion Issues:
None

Future Repotiable Milestones/Schedule:
None

Milestone litle:
Deliver FY93 UBS Annual Technical Report to DOE.

Responsible Organization: Reportable Date:

SNL February 1994

Milestone Status:
Completed on schedule.

Program Discussion Issues:
None .

Future Reportable Milestones/Schedule:
None

Milestone Title:
Deliver report to DOE on National Benefitsof BatteryStorage (Gate-
way Study).

Responsible Organization:
SNL

Milestone Status:
Completed on schedule.

Program Discussion Issues:
None

Future Reportable Milestones/Schedule:
None

Reportable Date:
December 1993
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2. Battery Systems Analysis

The Battery Systems Analysis activities are
intended to identify high-value benefits of BES in a
wide variety of utility applications. These activities will
enable utilities to quantify the usefulness of battery stor-
age and to make decisions regarding suitability to their
applications. Widespread acceptance of this technology
by the utility industry will eventually make it possible
for utility planners to include battery storage in their
planning scenarios routinely. Such acceptance is neces-
sary for the eventual commercialization of this technol-
ogy.

There are three subelements in the Battery Systems
Analysis program element:

1. Applications Analysis/System Studies

2. Feasibility Studies

3. Opportunities Analysis

A “system study” is an initial screening study per-
formed in cooperation with a host utility to identify and
evaluate the potential benefits of BES to that utility.
This screening-level study establishes a coarse estimate
of the battery’s benefi~-to-cost (WC) ratio, using as a
basis a limited examination of utility-specific operation
and financial data. The exact size of the BES facility, its
location in the utility network, and operational details of
the BES system are not defined at this time.

The follow-on “feasibility study” goes beyond the
initial system study and firmly establishes the quantita-
tive value of BES to a higher level of confidence by
examining detailed forecasts of utility operating costs
and other operational parameters for the entire life of the
BES project. A site-specific conceptual design of the
BES system is included in the feasibility study to deter-
mine the cost of the battery system needed to generate
these benefits.

A feasibility study is recommended if the results of
the previous system study imhcate a potential for a suffi-
ciently high B/C ratio. There are no widely accepted
norms for the B/C ratio that trigger a commitment to a
feasibility study, but generally, a ratio of 1.5 may be
acceptable justification to proceed to the feasibility
study phase. The results of the feasibility study lay the
foundation for any future BES project and become an
essential part of its project planning.

The principal desired outcomes of the entire Battery
Systems Analysis element are produced within the
Opportunities Analysis subelement. As such, the results
of the other two activities are directly used. First, the
economic benefits at the national level are character-
ized; these must include the identification of market
size, timing, and specific applications. System-level
requirements for each application are defined, but work-
ing definitions of these requirements are critically
needed to allow effective system design and engineering
to proceed. The desired information includes system-
level specifications related to power, energy, cost, and
duty cycle along with any special needs such as power
quality and/or general siting constraints (e.g., environ-
mental, physical). Detailed design-specific information,
such as the performance requirements for the various
individual components of the system, their configura-
tion, or operating conditions, is not included. Finally, a
study will be performed to match battery technologies
with specific applications.

Tasks/Milestones

FY94 Milestones:

● Complete preliminary Opportunity Analysis
(3/94) - completed; comprehensive final report
in preparation.

● Initiate Chugach Feasibility Study (6/94)

● Initiate SMUD Feasibility Study (9/94)

Status

Opportunity Analysis

Over the last few years, developments in the appli-
cation and design of BES systems have added a fairly
broad base of new information in this emerging technol-
ogy. At this time, there is a need to pull together this
body of information and identify areas where further
study is needed to fill in the gaps. Thus, the UBS under-
took a major task, the Opportunities Analysis, which
was initiated in October 1993, with five specific objec-
tives:
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● Identify and rank potential utility applications
for BES systems.

● Define application requirements for BES
systems.

● Identify the best applications for each UBS bat-
tery technology: lead-acid, sodiumhlfur, and
zinclbromine.

“ Assess the potential market size and potential
benefits of BES to utilities and the nation.

● Establish a standardized cost breakdown for
BES systems.

The scope of the study as defined by these objec-
tives was fairly wide. A team consisting of utility repre-
sentatives, battery and battery system developers, indus-
try consultants, and SNL staff was formed to contribute
to the study and review its findings. As the study team
met and compared available information, it was evident
that applications and the application requirements infor-
mation was available to accomplish most of the study
objectives; however, there were large gaps in knowledge
relating to market size and national benefits. During the
course of the study it was decided that this information
would be gathered separately in a follow-on Phase II
that will be specifically targeted toward obtaining and
reporting battery market information.

During Phase I, the study identified 13 potentially
feasible applications of BES in the electric utility mar-
ket broadly classified as generation, transmission and
distribution, or customer service applications. The fun-
damental requirements for the battery system to meet
the application requirements were identified as power,
energy, interconnection voltage, power conditioning
system type, expected cycles per year, footprint, and
portability (see Table 2-1). However, it is unlikely that
batiery systems will be used exclusively for an individ-
ual application; therefore, a set of three multiple (or
combined) application groups and their corresponding
requirements were defined, as shown in Table 2-2.

The three battery technologies under development
have unique performance characteristics that determine
their optimum match with each application. For exam-
ple, there is an excellent match between VRLA battery
system characteristics and the area/frequency regulation
requirements. Both sodium/sulfur and zincllxomine
systems could meet the performance requirements, but
would not represent an optimal match. On the other
hand, sodiundsulfur and zinc/bromine are optimal
choices for customer service demand peak reduction,
because of their deep-dischargeflife characteristics,
whereas lead-acid represents a less optimal choice. The

complete range of applicability is shown in Table 2-3.
When using the information in this table, it is important
to note that lead-acid batteries are commercially avail-
able today, whereas sodiundsulfur and zinc/bromine
batteries have yet to go through a commercial produc-
tion phase. This disparity in commercial readiness lim-
its a user to lead-acid batteries at the present time; how-
ever, the information in Table 2-3 will become more
pertinent as sodiurrdsulfur and zinc/bromine systems
become commercially available and the user has the
ability to select a battery type that optimally matches the
application requirements.

When battery system costs are discussed, there is
wide variability in exactly which cost elements are
included. Generally, these costs include only three
major subsystem costs, including the battery, power
conversion subsystem, and auxiliaries. Yet, practical
experience in installing battery systems in electric utility
networks suggests that there are several other cost com-
ponents that are omitted or not reported. The study
identified 10 discrete cost components and proposed a
standardized cost breakdown scheme shown in Table
2-4, which includes a comprehensive costing approach.

Finally, the study developed a set of unique graphi-
cal and text description sheets for each of the 13 individ-
ual applications, as well as a set of three sheets in simi-
lar format for the three combined applications. Figures
2-1 and 2-2 are shown as samples.

The potential benefits and market size of BES in
electric utilities were analyzed. Results indicate that
this market may be larger than previously reported in an
SNL study. That study based market size only on gener-
ation and transmission applications, and omitted distri-
bution applications due to a lack of data. In the current
study, distribution-related applications were estimated at
an additional 4 GW. However, as stated earlier, there is
a strong need to quantify these estimates to a higher
degree of confidence and accuracy through a well-
defined market study, which will be the focus of Phase II
of thiS task.

In addition to presenting the range of original infor-
mation generated during the study, the study report
listed the following important conclusions:

“ VRLA technology has the potential to optimally
or adequately satisfy most of the defined utility
energy storage applications. The key deficien-
cies for this technology are energy density and
portability. Consequently, in applications where
footprint or portability is an important consider-
ation, the VRLA-based systems will be at a dis-
advantage.
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Table 2-1. Summary of Applications Requirements

Aporox. Approx. AC Cycles
Power Storage Voltage Converter Per Footprint Portability

Applications (MW) (hr) (kVac) Type Yaar (Impmtance) (Importance)

Generation Applications

Spinning Reserve 1o-1oo 0.5 12-138 Line 20-50 Medium Low

Capacity Deferral 1o-1oo 2-4 12-138 Line 5-100 Medium Medium

Area/Frequency 10 <1 12-138 Line 250 Low Low
Regulation

Renewable 1 1-4 0.48-12 Line 250 Medium Low
Applications

Load Leveling 100 >4 69-765 Line 250 Medium Negligible

Transmission and Distribution Applications

Transmission 100 <0.01 69-765 Self 100 Medium Low
Line Stability

Voltage <0.25 12-34.5 Self 250 High High
Regulation (M;AR)

Transmission 10 2-4 12-138 Line 5-20 High Medium
Facility Deferral

Distribution 1 1-3 4-34.5 Line 30 High High
Facility Deferral -

Customer Service Applications

Demand Peak 1 1-2 0.48-12 Line 50-500 High Low
Reduction

Transit System 1 1-2 0.48- Line 250- Medium Low
Peak Reduction 2.4 500

Reliabilityand 0.1 <0.25 0.48 Self <lo High Low
Power Quality
(<1 MW)

Reliabilityand 1 1-2 0.48-12 Self <lo High Low
Power Quality
(>1 MW)

● The advanced batteries (sodium/sulfur and zinc/
bromine) favorably complement the near-term
VRLA option primarily where higher energy
capacity is required (> 1 hr) and footprint and
portability are important.

The final report will be distributed by the end of the
next reporting period.

.

SMUD Battery Storage Feasibility
Study

SMUD is planning an addition of 300-400 MW of
renewable-based generation to its system by the year
2000. As part of that goal, SMUD recently purchased
5 MW of US Wlndpower variable-speed wind turbines.
SMUD is planning additional wind turbine purchases
that will total 100 MW in the near future. Whh this new
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Table 2-2. Combined Applications Requirements

Discharge
PoweP Duration Discharge Discharge Frequency

Group Applications (MW) (hr) Depth (in a 24-hr period)

Spinning Reserve, Shallow Continuouscharge and
I Area/Frequency 1o-1oo 1-3 (A/F Regulation) discharge,250 weekdays

Regulation, Load
Leveling, Generation

Capacity Deferral

Medium One dischargeicharge
(Load Leveling/ cycle, 250 weekdays
Gen. Deferral)

Deep One discharge/charge
(SpinningReserve) cycle, 20-50 dayslyr

II DistributionFacility 1 1-3 Shallow Minimal storage for VAR
Deferral, Voltage (Voltage Regulation) injection,250 weekdays

Regulation
Medium One discharge/charge

(DistributionFacility cycle, less tha; 30 dayslyr
Deferral)

Deep One dischargelcharge
(DistributionFacility cycle, less than 30 days/yr

Deferral)

Ill Reliability(UPS) 0.1-1 1-2 Shallow One discharge/charge
Power Quality, (Power Quality and cycle, less than 20 days/yr
Peak Shaving Reliability)

Medium One dischargelcharge
(Reliability) cycle, less than 20 days/yr

Deep One-two chargeldischarge
(Peak Shaving) cycles, 250 dayslyr

● Values in this column reflectorder of magnitudeof powerthat combinedapplicationsrequire.

renewable generation, there is potential for deploying
substantial battery storage capacity to offset the inter-
mittent availability of the wind and solar generation. In
addh.ion to the renewable generation, SMUD also has
sites where battery storage can be applied in transmis-
sion and distribution applications.

Consequently, SMUD has an active interest in cost-
sharing a feasibility study to identify BES benefits. The
UBS and SMUD have agreed on the cost-share split,
methodology, and statement of work (SOW) for the
study. The methodology is similar to the Chugach feasi-
bility methodology, where the benefits of battery storage
will be identified, followed by a definition of functional
specifications for a battery system. This specification

‘ will be released to battery system suppliers as a request
for quotation (RFQ). The system prices quoted in the

RFQ responses will be used to complete the cosdbenefit
analysis. The outcome of this evaluation will allow
SMUD to determine the economic feasibility of the
battery project and commit to a follow-on procurement
if there is sufficient justification for purchasing the
battery system.

Kickoff of the study was delayed due to reorganiza-
tion at SMUD. The kickoff meeting of the study was
held in late August.

Chugach Electric Association

The joint system study conducted by UBS with the
Chugach Electric Association (CEA) in FY91-92
showed strong potential for BES in the Chugach system

2-4 BAITERY SYSTEMS ANALYSIS



Table 2-3. Compatibility of UBS Battery Technologies
with Individual Applications*

Sodium/
Applications VRLA Sulfur Zinc/Bromine

Generation Applications

Spinning Reserve d x x

Capacity Deferrai 4 x 4

Area/Frequency Regulation 4 d

Renewable ; + +

Load Leveling x x x

Transmission and Distribution Applications

Transmission Line Stability + x x

Voltage Regulation x 4 d

Transmission FaciiityDeferral 4 4 +

DistributionFacilityDeferrai d d +

Customer Service Applications

Demand Peak Reduction d +

Transit System Peak Reduction 4 + ;

Reliabilityand Power Quality (<1 MW) d x x

Reliabilityand Power Quality (>1 MW) 4 x x

● + - excelien~ ~ - adequate, but not optimum;X - poor

for both generation and transmission applications. The
results of this study aiso made other regionai utilities
aware of the benefits of energy storage for the entire
interconnected Aiaskan utility system. Encouraged by
the study results and the interest of the neighboring util-
ities, CEA decided to undertake the follow-on, higher-
level feasibility study to quantify the economic benefits
in greater detail.

CEA and GVEA, which serves the Fairbanks area,
are performing the feasibility study in collaboration
with UBS and supported by EPRI through a tailored col-
laboration project. The study is supported mostly
through the tailored collaboration funds, with relatively
lower funding support from the UBS program. The fea-
sibility study will quantify the vaiue of BES for both the
CEA and GVEA systems by using power flow and pro-

duction cost models including EPRI’s DYNASTORE.
A functional specification for the battery system will be
developed using these findings and released to battery
system suppliers to obtain cost estimates of turnkey sys-
tems.

Two separate approaches for the study were pro-
posed. One approach, shown in Figure 2-3a, would
require the preparation of a conceptual design with the
assistance of an architectlengineer to obtain a cost esti-
mate for the battery system. This cost estimate would
then be used in the subsequent economic anaiysis. At
some later time, a separate request for proposai (RFP)
would be issued to the battery system vendors. These
battery system costs may be quite different from the
costs estimated earlier during the study; as has been the
case with past projects, if these costs are higher, then the
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Table 2-4. Components of Cost for a Utility Battery Storage System

A. AC Source/Load Interface to Battery System 1. New linesto serve installation(e.g., 4, 12,69 kV)
2. Transformerbetween utilityvoltage and batterysystemAC

voltage (e.g., 69 kv 480 v)
3. ProtectionDevices (e.g., switches,breakers, fuses)

B. Power Conversion System* 1. AC Switchgear/Disconnect
2. Rectifier/lnverter
3. DC Switchgear/Disconnect
4. ProtectionDevices (e.g., switches,breakers, fuses)

C. Batteries and Accessories

D. Monitorsand Controls’

E. Facilities* -

F. Financing
,,

G. Transportation*

H. Taxes

1. Services

J. Operation and Maintenance

1. Electrical
a. Batteries(cells, tanks, membranes)
b. Interconnects
c. ProtectionDevices (e.g., switches,breakers, fuses)
d. Chargers

2. Mechanical
a. Racking/PhysicalSupport
b. Watering/Heating/Airand Fluid PumpingSystems
c. Safety Equipment(e.g., ventilation,fire equipment,

detectors,respirators,spilltroughs)

1. Monitors/diagnostics
a. PCS
b. Batteries(stringsand cells)

2. Controls
a. PCS
b. Batteries
c. ProtectionDevices

1. Foundationand Structure(and associatedlabor)
2. Materials
3. Lighting/Plumbing
4. FinishGrade/Landscape
5. Access Road
6. Grounding/Cabling
7. HVAC

1. ProjectManagement
2. installation
3. Studies (e.g., relays, harmonicfilters)
4. Data Gathering/Trending
5. Permits

1. Service Contract
2. Cell/Fluid Recycling/Replacement
3. Training
4. Inspections

● For the turnkey systemsevolving,separate costingof these itemsmay not be necessary. However, these items
will be part of the specificationuponwhichturnkeyvendorsbid.

w
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Figure 2-3a. Study Methodology
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Figure 2-3b. Alternate Methodology

economic analysis has to be repeated to verify the feasi-
bility of the battery project under the new cost scenario.

The alternate approach (Figure 2-3b), the one rec-
ommended by UBS personnel, would first identify the
value of battery storage benefits for the host utility sys-
tem. The results would then be used to prepare a func-
tional specification for the battery system that would
then be released to battery system vendors through an

RFP process to obtain price quotations for the battery
system. The system costs obtained would then be used
for the battery project feasibility analysis. Kls

approach eliminates the need by the utility to create a
conceptual design of the battery system to estimate the
battery system cost, a design that may or may not be
comparable to the battery system design proposed ‘by
the vendors.

2-8 BAi’TERY SYSTEMS ANALYSIS



The latter approach reduces the cost and manpower
burden of the feasibility study upon the host utility and
allows the battery system vendors greater flexibility in
proposing a battery system that is best matched to the
application requirements and in backing it with a perfor-
mance warranty. After CEA indicated a preference for
the latter approach, an SOW was finalized (in mid-June
1994) and a kickoff meeting was held in Anchorage to
officially mark the commencement of the feasibility
study.

Anchorage Municipal Light and Power (AML&P)
held a review meeting in May for the 30-MW/60-
MWsec superconductive magnetic energy storage
(SMES) Project planned for Anchorage, Alaska. The
meeting was attended by UBS staff, CEA, EPRI, Oak
Ridge National Laboratory (ORNL), and Babcock and
Wilcox (B&W), which is the SMES system supplier.
The analytical feasibility study for the project was per-
formed by ORNL as one of five utility-specific system
studies performed for SMES applications under a
Defense Nuclear Agency (DNA) contract. The ORNL

study determined that the SMES system could displace
30 MW of spinning reserve curmmtly provided to
AML&P by the Bradley Lake hydro plant. The SMES
system hardware development will be cost shared by
B&W, the federal government (through a Technology
Reinvestment Project grant), and AML&P.

Because of the close proximity of the proposed
SMES unit and the battery system that could be installed
on the CEA system, there is a strong need to coordkate
the studies and design of these two units. Both the
SMES and the battery system will attempt to capture
similar spinning-reserve benefits that not only affect
their individual economic feasibility but also raise con-
cerns about system stability due to the inherent quick
response capability of each system. CEA and AML&P
understand the implications of implementing these two
projects and have agreed to coordinate the review meet-
ings in a manner such that there will be maximum
exchange of information during the study and design
phases of each project.
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3. Subsystems Engineering -
Valve-Regulated Lead-Acid

The lead-acid batte~ has been in existence for over
100 yr and has found use in a wide variety of energy and
power storage applications, including vehicle engine
starting, telecommunications standby power, forklift
truck propulsion power, computer backup power
systems, and naval submarine propulsion power. The
widespread use of the lead-acid couple is the result of its
good electrical performance capabilities under a wide
range of operational scenarios, its ready availability and
the relatively low cost of its materials and components,
and the generally “user-friendly” characteristics of this
battery system. This is true from its manufacture,
through its operating lifetime, and to its disposal and
reclamation for reuse in new lead-acid batteries. The
lead-acid battery has the opportunity to also become a
major element in the mix of technologies used by the
electric utility industry for several energy and resource
management functions within the utility network.

Technical issues that have been identified regarding
the use of batteries in utility applications include life-
time uncertainty, understanding of how to apply battery
systems, operating inexperience, maintenance, system
reliability, and initial investment. From previous utility
BES demonstration projects, it was learned that battery
maintenance could be a major issue in large-scale instal-
lations. The approach selected, therefore, was to con-
centrate future lead-acid developmental efforts in BES
on VRLA batteries, which are inherently designed to
offer low-maintenance or maintenance-free characteri-
stics.

,,
Uncertainty about the lifetime of the VRLA battery

is one primary concern of utilities. Unlike flooded lead-
acid batteries, VRLA batteries designed for cycle
service are only offered by a small number of battery
manufacturers, and real-time experience with VRLA
batteries, while increasing, is considered insufficient at
present by the utility industry to remove skepticism
regarding VRLA cycle life. The experience gathered
from earlier demonstration installations (BEWAG, Cres-
cent Electric, and the Chino plants for example), has
generated positive reactions from the utility community.
However, all of these demonstrations used flooded-
electrolyte lead-acid batteries, and there is a reluctance
to immediately translate these results to VRLA systems.
The data reported on VRLA battery tests carried out by
Public Service Electric and Gas Co. (PSE&G) at the
Battery Energy Storage Test (BEST) facility and by
Argonne National Laboratory have provided a good

start. Data from the Utility Battery Storage Systems
Program will help to further allay the concerns of the
utility industry. A final major market related barrier to
implementation of large-scale BES systems is their per-
ceived high initial cost. While improvements in battery
performance should help to reduce costs, a better under-
standing of the benefits derived from using batteries
could offset some of their high initial cost.

The lead-acid battery subsystems engineering
project therefore has as its objective the development of
advanced VRLA batteries. The goal is to have
advanced VRLA designs that meet utility application
requirements available for use in the mid to late 1990s.
This would precede the commercial introduction of
advanced battery systems, which is not expected before
the year 2000. The central portion of this effort is a
4-yr, $2.83M cost-shared development contract with
GNB. The objective of this development contract is to
achieve performance improvements in VRLA batteries
through better designs and processes so as to enhance
their potential for widespread use in electric utility
applications. A second objective is to quantify, together
with utility companies, the benefits of these improve-
ments in specific utility applications for which battery
system requirements have been defined. To ensure that
appropriate issues are identified, two operating utilities
are participating in the project. SNL supports the GNB
contract work by evaluating the performance of battery
modules furnished at several stages during the contract
and is also carrying out material development and char-
acterization studies on selected battery components.

Technology Development - GNB

Tasks/Milestones

The GNB effort in this contract is comprised of
three tasks. Task 1, which is still under way, is a hvo-
phase activity that is intended to improve the perfor-
mance and reliability of VRLA batteries through
changes in battery design, materials, and manufacturing
techniques. The objectives of Task 2 are to develop
specifications and baseline conceptual battery system
designs for two specific types of applications and to
perform economic analyses of battery system costs for
these same two cases. To ensure that the VRLA battery
designs developed meet the needs of utilities, two utility
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companies were included on the project team so that the
battery designers at GNB could obtain firsthand input
about battery storage requirements in their respective
utility networks. Task 2 has been led by UMR and has
required extensive participation by the two host utilities,
PG&E and PREPA. Task 2 has been completed. Task 3,
which is also being supported by UMR, seeks to quan-
tify the costs/benefits of the improvements developed in
Task 1 and to incorporate the improved VRLA battery
systems into the economic model developed during Task
2. Task 3 is just beginning and UMR is using the
DYNASTORE computer program to calculate the oper-
ating cost savings from incorporating different BES
configurations on utility systems.

The objective of the first phase of Task 1 is to
improve current VRLA battery designs to match or
exceed the performance of flooded lead-acid batteries at
a cost equal to or lower than that of these competing
designs. All this must be accomplished without sacrific-
ing the inherent advantages available from the VRLA
technology. The technical efforts in this first phase have
been focused on performance issues such as vent valve
reliability, thermal management, charging profiles, posi-
tive plate behavior and ground fault prevention, all of
which have been perceived by the utility industry as
critical barriers to the widespread implementation of

,,

VRLA battery systems. An additional objective was to
improve the consistency of cell performance by manu-
facturing process enhancements.

In the second phase of Task 1, GNB is completing
the development of advanced VRLA battery designs
optimized for high power applications. The specific
development efforts are investigating evolutionary and
revolutionary changes in grid and active material
makeup and electrolyte immobilization technique to
improve the efficiency and life of the battery. Manufac-
turing processes that improve consistency and control
costs will be evaluated and implemented where appro-
priate.

These various improvements in the VRLA technol-
ogy will be incorporated into products in stages and, in
some cases, the intent of the incorporated changes will
be to produce designs that address the needs of specific
utility applications. Figure 3- I shows a flow chart of the
product designations anticipated as a result of this
development process. ABSOLYI’E II was an existing
product marketed for telecommunications and other
standby power applications. Some of the improvements
in Task 1, Phase 1, have been incorporated into the
ABSOLYTE IJP, which is an intermediate product.
Commercial production of the ABSOLYTE HP com-
menced during the fit quarter of 1993.

m Existing Product

uDesign&
Proosee SNUDOE Contract

Improvements

m Intermediate Product

Ufe
Optimization

snd Flexibility

*m
(Improved)

uOptimize
for Power
(PREPA)

=

(Advanced)

Figure 3-1. Flow Chart of Product Designations Anticipated during VRLA Battery Development Process
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The MSB product will contain many of the
enhancements developed during Task 1, Phase 1, and is
designated as an “improved” design. The MSB is opti-
mized for a set of life, performance, and installation

. flexibility requirements as recommended by PG&E, a
host utility participating in this project. Prototypes of
this particular MSB design will be available early in
1995. The LSB product will incorporate technology
developed during Phase 2 of Task 1, and is therefore
called an “advanced” design. The LSB design is opti-
mized for the power needed in spinning reserve and fre-
quency regulation applications as anticipated by
PREPA, the second host utility participating in this
project. The advanced-design LSB VRLA battery mod-
ules are scheduled to become available for site demon-
strations in the second half of 1995.

FY 94 Milestones:

● Deliver GNB intermediate-design VRLA bat-
tery modules (12/93) - completed

● Furnish additional coated plug samples for vent
valve tests (2/94) [canceled due to program
direction change]

● Complete DYNASTOR.E calculations on first
utility system (2/94) [rescheduled to 12/94
because of delay in placing contract]

Status

Task 1/ Phase 1. VRLA Battery Improvements

Vent Valve Reliability

VRLA batteries operate on the “oxygen cycle”
wherein oxygen gas generated during charge at the posi-
tive plate is recombined on the negative plate. As such,
some positive internal pressure must be anticipated
during the operation of a VRLA battery. The containers
for VRLA batteries are typically made of an acid-resis-
tant plastic, and are not capable of withstanding
extremely high internal operating pressures. This is par-
ticularly true for large capacity VRLA batteries where
the large, thin-walled plastic jars deform relatively
easily. For this reason, these large VRLA batteries are
often assembled into stronger metal structures to
prevent deformation even at the relatively low internal
pressures that normally exist during VRLA battery oper-
ation.

The pressure relief vent incorporated into the
design of all VRLA battery designs is provided as a
safety device to allow excess gases built up during peri-
ods of high rate charging or overcharging to be vented to

the ambient atmosphere. Because the VRLA battery
does operate with some positive internal pressure, the
vent must stay closed during normal operation. If the
vent opens at too low of a pressure, unnecessary quanti-
ties of oxygen and/or hydrogen gas will be allowed to
vent from the cell, causing loss of water from the elec-
trolyte and potentially resulting in cell “dry-out” and
eventual failure. If the vent opens at too high a pressure,
the plastic cell case can deform, leading to stresses at the
seals and joints that can cause them to deteriorate and
potentially develop leaks. A further requirement for the
vent valve assembly is to prevent the ingress of oxygen
from the surrounding environment to the cell, which
will accelerate the rate of self discharge of the VRLA
battery by reacting with the charged negative plates.

The pressure relief vent presently used in GNB’s
ABSOLYTE IIP VRLA battery is an assembly consist-
ing of two plastic pieces and a rubber insert. The vent
release pressure is a function of the dimensions of the
plastic parts, the dimensions and durometer measure-
ment of the rubber insert, and the dimensional toler-
ances achieved in the assembly of the part itself.

Testing was completed during the year demonstrat-
ing the consistency of operation of this vent design over
a 500-hr period during which the vent was forced to
operate by excessively overchtiging the sample VRLA
batteries. The data from these tests showed that:

1.

2.

3.

The ABSOLYTE pressure relief vent maintained
the internal pressure of the cell below 7 psig,
even though oxygen and hydrogen gas were
continuously generated in the cell under these
test conditions in quantities greater than what
would realistically be expected under normal
operation.
The pressure relief vents resealed well above an
“open vent condition,” thus maintaining a posi-
tive internal pressure relative to the ambient and
preventing any outside gas from entering the
cell and affecting the balance of the electro-
chemical reactions.
The pressure relief vent operated reliably over
the entire test period, accumulating more vent-
ing operations than would be expected over a
VRLA battery’s lifetime under normal operating
conditions.

However, testing completed as part of another task
within this contract indicated that a more aggressive
charging regime would be required to completely
recharge a VRLA battery from a relatively low state of
charge in the typical overnight time period available for
battery uses in conjunction with a utility network. The
charge profile that GNB developed to achieve recharge
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within the time allocated required that the battery oper-
ate at slightly higher pressures than the present ones,
which are designed to minimize the amount of gas
vented from these cells. The prefemed vent operating
pressure for this reduced-time recharge was in the range
of 5 to 10 psig. The pressure relief vent presently used
on GNB’s ABSOLYTE VRLA cell operates in the range
of 3 to 7 psig.

The technical approach taken to shift to the desired
pressure range was to first identify those parameters in
the present pressure relief vent design and its assembly
that were most influential to its operational pressure
relief value. A Taguchi-type set of experiments was
designed and completed to identi~ the primary paramet-
ers. The experiment showed that the vent opening pres-
sure was most closely correlated to the assembly
process, particularly the distance by which the assembly
is compressed during welding and the weld time itself.
Using adjusted assembly criteria, a group of 88 sample
pressure relief vents were assembled and tested. A total
of 88.6% of these vents operated at between 5 and
10 psig, and 99.6% of the vents operated within the
range of 5 to 11 psig. Whh additional adjustments to the
assembly process, pressure relief vents operating in the
desired range could be consistently produced. Samples
have been assembled using these process parameters,
and are awaiting accelerated operational life testing, as
described previously. .

Furthermore, since GNB is considering a redesign
of the ABSOLYTE cell cover to improve the reliability
of the terminal post seals, the evaluation of other pres-
sure relief vent designs that require less space on the
cellhattery cover was undertaken. One of these vent
designs is an “umbrella” configuration. Once again, it
was important to determine the factors that influence
vent operating pressure for this design. It was deter-
mined that seat thickness and vent seal diameter were
the two primary factors. A Taguchi analysis indicated
that seat thickness had a contribution factor of 84.3%
while the seat diameter conrnbution factor was 7.75~0.

Tooling inserts were fabricated to manufacture bat-
tery covers with various vent valve seat thicknesses and
opening diameters. Variations of seat thicknesses
between 0.08 and 0.135 in. and seat opening diameters
between 0.225 and 0.240 in. were fabricated and
tested. Pressure relief points were measured for each of
the experimental matrix combinations. The results con-
firmed that seat thickness is the most significant variable
affecting the opening pressure of this vent. Seat open-
ing diameter had very little influence on vent operating
pressure. The plot of vent opening pressure versus vent

“ seat thickness is shown in Figure 3-2.

The relationship between vent seat thickness and
vent opening pressure is nonlinear, as shown in Figure
3-2. Furthermore, at seat thicknesses above 0.11 in., it
became extremely difficult to insert the molded
umbrella vent valve, and opening pressures were not
repeatable. From these data, it has been determined that
providing a pressure relief venting system that operates
consistently in the 5 to 10 psig range may not be feasible
using the existing molded umbrella vent. This task will
require further investigation.

Positive Plate Growfh

The normal wearout mechanism anticipated in the
VRLA battery is anodic corrosion of the positive grid
structure. The product of this anodic corrosion reaction
of the grid lead with sulfuric acid is lead dioxide. The
density of lead dioxide is roughly 80% that of the lead
metal from which the lead dioxide is formed during the
corrosion process. As a result of this density change, the
grid structure deforms and commonly undergoes what is
referred to in the battery industry as “plate growth.”
The plate will attempt to grow in the d~ection of least
mechanical resistance. In the battery, this is typically
along the grid frame opposite the side where the plate
lug is connected to the terminal strap. The extent of
growth is dependent on both the type of corrosion the
grid alloy experiences (i.e., surface corrosion versus
intergranular corrosion) and the actual length of the
grid. As the battery size increases, both in terms of
physical size and electrical capacity, plate growth can
become a significant potential failure mode.

Grid growth can result in the loss of electrical con-
tact between the positive active material and the grid
structure itself, and/or in the shorting of the positive
plate to the underside of the negative plate strap. In
addition to grid alloy composition and physical shape of
the grid, operating temperature and charging conditions
can influence the rate at which the positive plate will
grow.

GN13’sABSOLYTE cells use the patented MFX
alloy in the positive grid. This alloy has excellent corro-
sion resistance characteristics, and GNF3’sR&D efforts
have determined that the annutilzed corrosion rate for
the MFX alloy, when maintained at 25°C and at a float
voltage of 2.25 vpc, is 1.8 roils per year. That is, under
these charging conditions the positive @d will corrode
0.0018 in. of its cross-sectional radius each year.
Further, the mechanism of corrosion for the MFX alloy
is a surface reaction that evenly corrodes the lead grid
surface. This type of corrosion results in the least
amount of grid growth. In comparison, intergranular
penetration corrosion results in a greater amount of cor-
~osion derived grid growth. -
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Figure 3-2. UmbreUa Vent Valve Opening Pressure as a Function of Seat Thickness

Although the MFX alloy affords a good deal of
resistance to plate growth, GNB has proposed incorpo-
rating other concepts into the cell design to provide
additional protection against the deleterious effects of
positive plate growth. These are (1) designing the posi-
tive grid so that dimensionally it is shorter than the neg-
ative plate, and (2) fitting the positive plate with an insu-
lating boot designed to collapse as the positive grid
grows and hence accommodate its growth.

Several sample lots of cells varying the method of
protection from positive grid growth have been fabri-
cated and have started on long-term testing. The test
lots include the following:

1.

2.

3.

Positive plates fitted with a collapsible boot;
only the positive plates are wrapped with separa-
tor material (Test Group CW).
Positive plates fitted with a collapsible boot;
both positive and negative plates are wrapped
with separator material (Test Group C).
Positive plates fitted with the standard design
boot; only the positive plates are wrapped with
separator material (Test Group S).

4. No boots fitted onto the positive plates; only the
positive plates are wrapped with separator
material (Test Group N).

Cells from each test group have started on an open
circuit stand and a float charge test at both room temper-
ature and 60°C temperature-accelerated conditions. The
float charge samples are connected in a series string and
are being charged at a nominal 2.30 vpc.

The samples on open-circuit stand at room tempera-
ture have completed 26 weeks of test. The open-circuit
voltages (OCVS) of all four test groups have dropped
approximately 17 mV over the test period. The average
OCV for the group has dropped from 2.135 V to
2.118 V. The slope of the curve of open circuit voltage
versus time is equivalent for all four groups.

The samples being tested under open circuit, “no
load” conditions at 60°C have completed 30 days of
test. Average voltage has decayed from 2.147 V to
2.085 V, a loss of approximately 62 mV over the period
of the test. As observed in the room-temperature open-
circuit test, voltage decay with time is following the
same slope for all four of the test groups.
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The room-temperature float samples have com-
pleted nine months on test. A capacity check was com-
pleted recently on the samples and all cells delivered in
excess of 100% of rated capacity. The cells on the 60°C
float test have completed 30 days of test. All cells on
these float tests are exhibiting stable and consistent on-
charge voltages, varying only slightly from the average
voltage applied to their series stings.

The float current for the room temperature samples
has stabilized at about 476 mA and that of the 60°C test
cells at 5.2 A. Applying the Arrhenius relationship,
which doubles float current for each 10”C rise in tem-
perature, predicts that float current at the elevated tem-
perature condition should be approximately 11 times
that at room temperature. This is what has been mea-
sured.

These tests are continuing and capacity discharges
will be completed in the near future on all test samples
to assess their ability to retain capacity under the test
conditions.

Thermal Management And Charging Analysis

Elevated temperature has a deleterious effect on the
life of any lead-acid battery. In flooded-electrolyte
types, the reduction in life is due to the acceleration of
positive grid corrosion. In VRLA batteries, in addition
to the acceleration of &e grid corrosion process, it is
suspected that elevated operating temperatures may also
induce failures due to accelerated loss of water by gas-
sing and diffusion through the container material and the
pressure relief vent valve.

In addition to the heat generation mechanisms asso-
ciated with the operation of any battery that include
(1) the resistive heating effects during discharge, (2) the
heat released due to the chemical and electrochemical
reactions on charge, coupled with the resistive heating
effects during charge, and (3) miscellaneous heating
effects from polarization and the grid corrosion reac-
tions, VRLA batteries have one additional significant
heat generating source. This is the oxygen recombina-
tion reaction occurring at the negative plate during over-
charge.

Normally, heat is dissipated in a lead-acid cell by
(1) conduction through the cell materials, particularly
the lead in the grids, straps and terminal posts, (2) con-
vection from the surface of the battery and its compo-
nents to the surrounding air, (3) a small amount of radia-
tion, but only if the temperature differential is large, and
(4) evaporative cooling caused by the gases being
vented from the battery. Being a starved-electrolyte

system, VRLA batteries have a lower heat capacity than
equivalent flooded-electrolyte batteries, have no internal
convection, and have the additional mechanism for heat
generation mentioned above. These conditions increase
the likelihood of thermal instability and the prospect for
thermal runaway.

Earlier in this project, GNB demonstrated how its
ABSOLYTE VRLA cells assembled in their modular
steel trays can tolerate overcharge at voltages signifi-
cant y higher than those recommended for normal oper-
ation without experiencing thermal runaway. Further-
more, GNB developed a recharge profile that assured
adequate recharge of a deeply discharged VRLA battery
in less than 8 hr while causing a temperature rise of less
than 10”C in the batte~ and minimizing any gas evolu-
tion to provide for a maximum cycle lifetime. This
recharge profile can be easily implemented into charger
control logic, and consists of a three-step constant
current (CI), constant voltage (CV), constant current
(CI) regime.

The initial in-rush current is limited to 25 A/100 Ah
of battery capacity, and the constant voltage portion is
set at 2.32 vpc. The finish rate is set at 2 A/100 Ah of
battery capacity. This recharge is terminated when the
battery has been provided with an approximate 5%
overcharge. The charge profile using these parameters
can recharge a battery from an 809%depth of discharge
in approximately 7 hr with an observed 9°C temperature
rise and no gas emissions.

In discussions with the utility partners in the
project, it was determined that a model to estimate the
amount of heat a battery system would generate under a
variety of operating conditions would be needed to
project building ventilation and cooling requirements.
The model has been constructed and validated against
an actual ABSOLYTE battery stack with excellent
agreement.

As a result of using the thermal model to predict
battery temperature under continuous overcharge condi-
tions, an unusual relationship between battery configu-
ration and temperature rise was accidentally encoun-
tered. Two different battery configurations were being
considered for a typical UES installation. One battery
was based on the original ABSOLYTE II design and the
other was based on the ABSOLYTE HP design, which
has an improved volumetric energy density. Both bat-
tery modules had an energy storage capacity of approxi-
mately 6.5 kWh. The thermal model predicted that the
ABSOLYTE IIP design would reach a higher tempera-
ture on continuous overcharge than the model based on
the older ABSOLYTE II design.
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This finding highlights the fact that increasing
energy density (Wh/volume) of a battery for a utility
application may be attractive from a facility space
standpoint; but the facility may then require more rigor-
ous thermal management to ensure proper conditions for
optimum operation and lifetime of the battery.

Ground Fault Elimination

By their nature, utility-based BES systems will be
large in capacity and will operate at relatively high DC
voltages. As such, ground faults could pose a serious
safety risk to operators and utility personnel. Further-
more, ground faults can lead to premature failure of a
portion of the battery because some of the battery charg-
ing voltage can bypass the cells between the ground
fault point and the facility ground.

GNB’s approach to eliminating the risk of ground
faults in BES systems involves five levels of redun-
dancy:

1. Improvements to the electrolyte filling process
to ensure that cells are not overfilled causing an
excess of free liquid electrolyte in the cell.
GNB’s solution to this challenge was the imple-
mentation of a computer-controlled “fill-by-
weight” process.

2. Improvements to the heat-sealing process by
which the cell jar and cover are sealed together.
In response to this challenge, GNB optimized a
redundant bead smoothing and jadcover sealing
process to ensure leak tightness.

3. Improvements in leak detection capabilities of
testing performed at the factory to ensure seal
integrity. GNB’s solution was the implementa-
tion of an advanced helium-leak-detection sys-
tem that detects microholes four times smaller
than the ones through which sulfuric acid elec-
trolyte can leak.

4. Identification and evaluation of alternative non-
conductive battery tray materials. GNB has fab-
ricated and is evaluating a plastic battery tray.
Thermal management will be a greater challenge
using this plastic tray, but auxiliary cooling fans
incorporated into the tray package could over-
come this deficiency.

5. Modifications to the terminal post design to
prevent damage to the plastic-to-lead seals dur-
ing manufacture and assembly. This task has
taken on greater importance because manufac-
turing improvements implemented as a result of
this project task (items 1-3) have left terminal-
post seal leaks as the major contributor to fac-
tory failures as identified by the in-plant leak-
detection testing.

The present ABSOLYI’E terminal post design is
based on a copper-inserted post that is welded to a lead
bushing molded into the cell cover. Although this
design approach provides a low-resistance intercell con-
nection that is easy to install and assemble, the copper
insert introduces manufacturing complications that
could affect the integrity of the seal between the lead
bushing and the plastic cover.

An improved welding process was introduced into
the manufacturing procedure; however, a residual per-
centage of failures due to terminal post leaks persisted.
The approach to resolving these complications while
retaining the advantages of a copper-inserted terminal
connection was to redesign the post assembly and the
cover to permit more lead to be cast around the inserted
copper piece. This change will minimize the amount of
heat required to make the weld to the lead bushing and
thus avoid overheating the seal between the lead bush-
ing and the plastic cell cover. The proposed design is
compared with the design presently used in the
ABSOLYTE cell in Figure 3-3.

Detailed evaluations of the individual parts used in
the present terminal design indicated that porosity in the
die cast bushings, porosity in the lead surrounding the
copper insert of the terminal post, and degradation of the
bond at the copper-to-lead interface were the primary
paths through which sulfuric acid travels to create leaks.
More significant is the fact that these causes often do not
appear as electrolyte leakage paths until some time
(months to years) after the battery has been placed into
service. Even the most sophisticated of leak-detection
tests cannot identify these potential leakage paths before
exposure to acid and time create the path. GNB’s
approach to solving this problem is to design the parts to
minimize porosity and inclusions that could subse-
quently lead to electrolyte leakage paths.

A particular cell size has been selected and detailed
designs have been completed for a new cover incorpo-
rating the proposed design features. The design revi-
sions require that a new cover mold and new bushing
and terminal-post molds be fabricated. Samples of the
bushing and terminal post have been received and have
been examined for indications of included porosity,
cracking, or alloy knit lines, all of which could allow
electrolyte to creep and eventually leak.

Positive Active Material

The positive electrode active material has a signifi-
cant effect in determining the life of a lead-acid battery.
The positive plate in a lead-acid battery is considered to
be the “workhorse” plate because the positive active
material undergoes much greater crystal structure and
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Figure 3-3. Present and New Designs for a VR.LA Cell Terminal Post Assembly

morphology changes than the negative active materials
during dischargdcharge cycling. The objective of this
project task is to determine the paste formulation, paste
mixing, and plate curing process parameters needed to
achieve material structures that exhibit optimized per-
formance and lifetime.

GNB is evaluating the use of a “leady-oxide” mate-
rial for use in the positive electrode to improve battery
lifetime under the severe discharge/recharge cycling
conditions expected in utility BES system applications.
A series of paste-mixing and plate-curing experiments
has been completed and a group of cells has been con-
structed using optimized processing parameters for the
leady-oxide formulation in the positive electrode.

Cycle-1ife testing of these cells has started with the
samples being discharged to 100?10depth of discharge at
the C/5 discharge rate. Periodically, the samples are
tested at their C/8 rate as a comparison to their rated per-
formance. Although the test units have completed over
300 cycles, performance for both the leady-oxide group
and the red-lead-oxide samples representing the current
design has not developed as anticipated. Capacity has
continued to hover near 80% of rated performance.

A change in the recharge profile used in the cycle
tests resulted in a short term improvement, but battery
capacity soon returned to near 8070 of rated perfor-
mance. Recently, one of the samples was equipped with
a reference electrode, and, surprisingly, the negative
electrode was the electrode limiting the capacity of the
battery. The battery was provided with a boost charge at
an elevated charge voltage to recover the negative elec-
trodes, and has since been returned to the cycle test.

In addition to the cycle tests, a temperature-acceler-
ated float-life test has been started. After one month of
test at 80”C, the test samples were capacity tested, and
all delivered in excess of 10070of rated capacity.

Task I/Phase 2. VRLA Battery Advancements

Cell Design

This subtask consists of two parts: an intermediate
cell design that is evolutionary in nature and seeks to
increase the 8-hr capacity of existing ABSOLYTE cells,
and an advanced concept that is revolutionary in design
and seeks to maximize the short-duration power capa-
bility of VRLA cells for utility power regulation appli-
cations.
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Intermediate Desism (ABSOLYTE IIP)

The intermediate design product developed under
this task has been introduced as a commercially avail-
able product.

2-V Modular Batten (MSB]

Based on discussions with one of the host utilities
in this project, the need for a modular battery suitable
for “portable” applications was identified. Critical char-
acteristics included minimum space and weight, and
flexibility of installation. To obtain these features, a
reduction in operational lifetime to 5-10 yr was deemed
necessary and acceptable.

GNB developed a design based on a medium-sized
modular battery package (approximately the size of a
Group 27 automotive battery). The module, however,
would be a 2-V unit that would be connected in series/
parallel configurations to achieve the desired voltage
and capacity. The modular approach would increase the
flexibility of installation and would permit easy replace-
ment of modules during the operational lifetime of the
battery system. The design would allow utilities to mini-
mize their initial investment while evaluating BES in
their network. In addition, this approach could be used
where temporary, seasonal, or short-term conditions
exist that could be resolved using BES.

Tooling to fabricate the case and cover parts for this
2-V MSB battery design is being fabricated and first
parts have been produced off of the molds. First Article
Inspections (FAIs) of these parts are being completed.
In addition to these parts tools, the tooling necessary to
fabricate and assemble this design on the manufacturing
line at GNB’s Columbus, Georgia manufacturing facility
is being debugged during off-shift times at the plant.

Both discharge performance estimates and recharge
capabilities for the 2-V modular MSB battery design
have been verified with a 12-V battery module that uses
the identical plates planned for this battery.

Advanced Desire (LSB)

Present ABSOLYTE batteries are designed to pro-
vide the sustained discharges typical of energy storage
systems. These batteries offer significant reductions in
battery footprint, space, and weight when compared to
conventional flooded-electrolyte lead-acid batteries. A
battery that has been optimized specifically for high
power applications, such as power regulation, can pro-
vide even greater savings in battery footprint, space and
weight. The advanced-design LSB battery has this as its
objective.

GNB’s original concept for this battery was com-
pleted and prototype cells were fabricated. Initial per-
formance testing indicated that the LSB design could
provide as much as a 66% capacity improvement over
the ABSOLYTE IIP design at the 15-rnin discharge rate.
The prototypes, however, highlighted several process
and assembly issues that had to be resolved before the
design could be considered to be reliable enough for
utility applications. These included leakage at the jar-
to-cover heat seal and at the interface between the cover
and the terminal bushings.

The primary cause for the jar-to-cover heat seal
leakage was determined to be the poor heat-sealing
characteristics of the plastic used to mold the cell’s com-
ponents. This issue was readily resolved by changing to
a polypropylene copolymer that had much better heat
sealing characteristics. The terminal post sealing issues
were more difficult to resolve.

After extensive evaluation and study of the termi-
nal-post design and the component construction, it was
decided that the initial proposed design would invari-
ably have sealing difficulties. A decision was reached to
redesign the terminal ends of the cell using a more con-
ventional approach that allowed the plates in the cell
element to be connected to a terminal-post strap similar
to that used in conventional battery constructions. The
reason for this was that bonding the individual plates to
the current collector in the original design required a
significant amount of heat to accomplish simply because
there was so much lead that had to be bonded. This
excess quantity of heat would certainly do damage to
any plastic material when the terminal strap was welded
to the insert-molded bushing in the cover. The revised
design bonds the plates to the strap using a conventional
cast-on-strap process, the strap having a terminal post.
This terminal post is subsequently welded to a bushing
that is insert-molded into the cover. This approach dras-
tically reduces the heat needed to complete the final ter-
minal post weld, and the potential for heat darnage to the
plastic is similarly reduced.

This change was a radical departure from the origi-
nal proposed design, and most of the component tooling
needed to be replaced, as well as most of the process and
assembly tooling. In addition, several new pieces of
equipment would be required to complete the design
and implement it into manufacture. Because of the high
cost of tooling, it was decided to first build several pro-
totype cells using parts produced from “soft” tooling.
These prototype cells were fabricated and tested to vali-
date the integrity of the terminal-post seal. The valida-
tion tests were successful, and approval was obtained to
proceed in obtaining permanent tooling.
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Using these prototype samples, electrical tests were
also conducted to determine the effect these design
changes would have on cell resistance and high-rate dis-
charge performance. Actual performance reduction. was
less than 10% compared to that of the original LSB

‘ design. Test results are provided in Figure 34. These
discharge rates are still very respectable and will pro-
vide the highest high-cmrent discharge performance per
battery weight and volume of any known lead-acid
battery with equivalent life expectations. Plans are for
preproduction samples of the redesigned LSB cell being
available by the fist quarter of 1995.

Copper Negative Grid

Historically, lead has been used as the grid material
for the negative plate. The principal considerations in
the selection of a lead alloy to be used as the negative
plate grid are over-potential characteristics and strength;
corrosion resistance is not a major consideration. Lead
is a poor electrical conductor and other materials, cop-
per for example, with higher conductivities could
improve the high-rate discharge performance of the
lead-acid battery. Although the copper substrate would
have to be coated with lead to provide chemical corro-
sion resistance, a lead-coated copper grid would still
significantly lower the cell’s internal resistance, increase
energy density, improve charge acceptance, achieve a
more uniform current distribution over the length of the
plate, reduce polarization, and improve active material
utilization.

GNB has proposed a grid design that utilizes lead-
coated copper wires molded into a plastic frame as the
current collector and electrode support for a high-power
negative electrode. Work has progressed slowly on this
project, primarily because of the lack of availability of a
suitable lead-coated copper wire.

To test the concept however, GNB plans to fabri-
cate negative electrode frames using lead-plated copper
wires. Although plated copper wire is probably not an
acceptable approach to achieve long life in a lead-acid
battery, its use would be acceptable to determine relative
electrical performance improvements potentially avail-
able from using the copper negative grid concept.
Appropriately sized copper wire has been received and
has been sent out to be plated with a thick coating of
lead. A prototype mold is being fabricated to mold elec-
trode frames with copper wires inserted at the proper
locations.

Positive Plate Design

Three of the most basic factors that limit a lead-acid
cell’s cycle and float life are positive grid corrosion,
damaging changes in the positive active material (PAM)
structure, and the formation of passivating films at the
PAM-to-grid interface. This task explores changes in
the positive grid alloy to lower positive grid corrosion,
and the potential benefits of PAM additives to improve
PAM stability and utilization.

PERFORMANCE IN WAITS PER CELL

CELL WPE Iq
RATE LSB6W LSB800 LSB1OOO LSB1340

5 MIN. 980 1400 1590 1920
10 MIN, 710 970 1190 1510
15 MIN, 570 760 970 1230
20 MIN. 470 630 820 1020-
30 MIN, 350 480 630 730
60 MIN. 220 280 360 450

Figure 3-4. Performance Ratings (Watts) for Prototypes of the Redesigned Advanced LSB Battery.
,
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Positive Grid Alloys

Selection of a positive grid alloy requires the evalu-
ation of corrosion resistance, grid growth, tensile
strength, and gassing characteristics. The behavior of
the alloy in a cell also needs to be studied to establish
cycle and float performance and oxygen recombination
efficiency when it is used in a VRLA design. GNB
utilizes its patented MFX alloy in the positive grid of its
ABSOLYE batteries. This alloy corrodes by a uniform
surface erosion process that allows GNB to reliably pre-
dict a 20-yr lifetime for the ABSOLYTE IIP cell at 25°C
in a float charge application. The objective of this
project is to evaluate other lead alloy compositions that
corrode at slower rates than the MFX alloy, which may
extend the overall lifetime of a battery in a utility appli-
cation.

GNB has completed the initial evaluation of several
alternative alloy compositions in comparison to the
MFX alloy. The first series of evaluation tests included
an accelerated cycle test in which cells assembled with
plate grids made from each of the alloys were deeply
discharged at a low discharge rate and recharged with a
significant amount of overcharge in order to provide
accelerated-life test conditions. Although the MFX
alloy provided the best deep-cycle performance of the
group tested, two of the test alloys are approaching the
capabilities of the MFX alloy.

The second stage of this task is now under way.
The test vehicle configuration has been changed from
hand-built laboratory cells to full size, 12-V, Group27
battery modules. These battery samples were assembled
in GNB’s Columbus, Georgia manufacturing facility
using standard production equipment and were fully
characterized before being placed on accelerated life
tests. This accelerated test is a float-life test. Battery
modules have been placed into heated water baths and
are receiving a constant voltage charge. The modules
are still in their first charge period, after which they will
be capacity tested and have selected samples removed
from them for grid corrosion analysis.

Positive Plate Additives

The purpose of a plate additive is to help stabilize
the PAM structure during cycling. A stabilized structure
will create a framework that will allow an increase in
the active material porosity and, therefore, permit an
increase in active material utilization and capacity with-
out sacrificing cycle lifetime.

Based on a study of the literature of available addi-
tive materials, tin dioxide, fluoridated tin dioxide, a fluo-
rocarbon polymer (polytetrafluoroethylene (PTFE) or

polyvinylidene difluonde (PVDF)), and a conductive
titanium suboxide ceramic were selected for further
investigation.

This project has made little progress since its incep-
tion because the materials identified in the literature are
not readily available as commercial products. It appears
that the cited researchers not only examined the addi-
tive’s effects in battery positive active material, but also
provided the tested additives by preparing or synthesiz-
ing the materials themselves. The few sources that
GNB has been able to identify have been extremely
reluctant to provide appropriate materials, and GNB
does not have the resources to prepare these additives
internally.

GNB is aware of projects being conducted in partic-
ipation with university laboratories to investigate the
role of additives similar to those identified by GNB in
providing stabilized positive active material structure
for lead-acid batteries designed for EV applications.
Considering the difficulties GNB has had in obtaining
materials to conduct this part of the project, GNB rec-
ommends following the progress of these research
projects to identify specific materials and to assess their
effect on improving PAM stability in deep cycling appli-
cations.

Electrolyte Immobilization

The present ABSOLYI’E design utilizes an absor-
bent fiberglass mat that serves as a plate separator as
well as the means of electrolyte immobilization. By and
large, this glass mat has worked very well; however,
there are some disadvantages. The most important dis-
advantage of this material is cost, which is the primary
reason for the higher cost of VRLA cells compared to
flooded lead-acid battery designs. Another limitation is
the wicking height of liquid in the glass mat, which
limits overall cell height, as installed, to 24 in. or less.
The objective of this task is to investigate lower-cost
alternatives to the fiberglass mat presently used in
VRLA cells. These investigations involve the evalua-
tion of vendor-supplied samples and the performance
testing of cells containing materials that have passed ini-
tial screening tests.

There are only a few suppliers of the type of fiber-
glass mat that is usable in VRLA cells; and of these few,
there was only one manufacturer who was willing to
undertake a development effort to identify and produce
an alternative material. GNB has been working with
this vendor to establish product requirements and to
evaluate samples provided. The current material is a
nonwoven fabric made from a specific blend of glass
fibers with varying fiber diameters. The nature of the
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glass surface, as well as the blend ratio of fiber diame-
ters, imparts the wicking characteristics observed in the
final separator mat. The glass fiber blend also affects
the physical strength of the material.

GNB’s supplier has been looking at alternative
blends that utilize more of the larger glass fibers to
reduce cost; however, these materials have had reduced
wicking, absorption, and strength capabilities. Syn-
thetic materials are also being investigated, but most
plastics that can survive in a sulfuric acid environment
(such as polyethylene or polypropylene) also have
extremely poor wetting characteristics. Consequently,
progress on this particular task has also been very slow,
and results have been limited. GNB will continue to
evaluate materials as they become available from our
vendor for VRLA battery separators.

Task 2. Baseline Design and Economics Study

In addition to the technical efforts to improve
VRLA batteries for BES applications, GNB tearned
with two host utilities, PREPA and PG&E, to develop
systems requirements and to conduct economic analyses
relating to battery systems as part of their utility equip-
ment portfolio. UMR assisted by developing system
specifications for these applications and also developed
several conceptual plant layouts to meet the require-
ments using various bagery types being developed by
GNB for BES installations. Most of this work was com-
pleted during the 1993 fiscal year reporting period.

A final report summarizing PG&Es efforts in the
definition of BES system requirements within its net-
work was completed and has been submitted during this
year. The PG&E objective was to evaluate energy stor-
age as an option for distributed storage within the net-
work. The battery would be used at substation sites to
shave peak load from the substation feeder during peak
demand periods. This mode of operation would defer
the need to upgrade the substation transformer as well as
contribute to reducing the overall system peak.

In their study, PG&E evaluated the economic bene-
fit of using a “transportable” grid-connected battery sys-
tem. ‘l%eprimary benefit that was analyzed arises from
the deferral of costly substation capital investments at
locations that are anticipated to experience demand
overloads. A secondary benefit was the generation
capacity value of dispatching the battery system on-
peak.

Hourly loads at four case study sites were analyzed
and battery systems in the 0.5- to 2.O-MW range were
modeled to verify the technical viability of deferring
substation and distribution capacity increases. Based

upon battery dispatch modeling consistent with the case
studies, peak load reductions and capacity deferrals
were estimated for the four sites.

Substation upgrade cost estimates were used in the
economic analysis to assign a typical deferral value over
the life of the battery system, These economic benefits,
adjusted to account for costs of maintaining and trans-
porting the system, were evaluated over the life of the
system, and a present worth was calculated as an esti-
mate of the allowable break-even capital cost of the
battery.

By deferring one substation upgrade per year, a
1-MW, 2-hr transportable battery system (TBS) with a
design lifetime of 10 yr could be economically justified
at a cost of about $700/kW.

Final Battery Deliverable for Field Test

A moderate-sized batte~ will be furnished by GNB
for a field test at the conclusion of its development pro-
gram. The approximate size of this battery will be 250
kW/500 kwh. It is now expected to be available during
the summer of 1995. Due to a slip in the schedule for
production of the advanced LSB battery, the field test
deliverable will be either the ABSOLYTE IIP, which is
currently in production, or the 2-V MSB modular
battery, depending on the particular application at the
chosen field test site. The balance of the battery system,
including the PCS, controls, and building, will be the
responsibility of the host. During the spring of 1994, an
announcement of the availability of this battery was sent
out by the UBG to its general mailing list. Approxi-
mately 10 inquiries were received in response to this
mailing, and 4 serious contenders to host the field test
have developed. Several of the sites are studying load
profiles on their systems to better define the usage the
battery would see and to more accurately estimate the
minimum battery system size that would be appropriate
for their application. The site selection process will
conclude in the first part of 1995 with the placement of a
contract to carry out the field test.

Quantification of Costs/Benefits of
Battery Energy Storage - UMR

This task was activated during the year by placing a
contract with UMR from SNL to use the DYNASTORE
computer program to calculate utili~ operating costs
with and without BES on the system. Operating costs
are one portion of the cost/benefit picture and will be
combined with battery developer cost estimates and util-
ity benefit projections that have been done to show that
battery improvements are economically justified. The
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first utility analyzed by UMR was a medium-sized
island system since they had already acquired much of
the system data needed for the operating cost study.

UMR has learned how to use the DYNASTORE
program and helped to debug a beta-test version of the
software. After the program was fully operational, input
parameters were entered for the island utility and utility
operating costs were calculated for a 2-yr time period,
1996-1997, using estimated peak loads for these 2 yr.
The generation mix for this utility is primarily derived
from oil-fired steam, and total generation capacity
exceeds the estimated peak load by about 3370. Three
applications for BES were examined on this system: (1)
spinning reserve, (2) load leveling, and (3) frequency
control. The applications were evaluated both singly
and in combinations. A total of 200 MW was assumed
to be available from batteries, compared to 3,783 MW
of conventional generation capacity on this system.
Typical results for the calculated operating cost savings
are shown in Table 3-1. The greatest savings are derived
from the spinning reserve application where, in the
absence of the battery, higher-cost generation units
would have to be put on line to cover the reserve
requirement. However, significant operating cost bene-
fits are available from all of these applications. It
appears that the savings from load leveling and fre-
quency control are probably similar.

These preliminary results are being examined to
check for inconsistencies that may have appeared when
a new version of the program was issued in July 1994.
Other unit commitment scenarios and battery applica-
tions are also being reviewed to determine if calcula-
tions should be done for any of those cases. The results
are not believed to be particularly sensitive to the rela-
tive amount of BES compared to total system generation
capacity in this situation, but some additional calcula-
tions may also be done with different battery sizes to
verify that this is true.

Technology Evaluation - SNL

In the latter part of the first quarter of FY94, three
Type 1OOA-25ABSOLYTE UP modules were received
from GNB for evaluation of the intermediate design.
Each 6-V unit has a rated nominal capacity of 1200 Ah
at the C/8 discharge rate to an end-ofdischarge voltage
of 5.25 V (1.75 vpc). Also during this period, test
station equipment necessary to carry out the evaluation
was ordered.

In the second quarter, the test station equipment
was delivered. Assembly of it, however, awaited
remodeling of an existing laboratory, which did not
begin until the onset of the third quarter.

Table 3-1. Summary of Operating Cost Savings
for Selected Battery Energy Storage Applications

Savings ($K)

Battery Application 1996 1997

No frequency controlengaged:

Spinning reserve only 14,250 26,014

Load levelingonly 11,774 23,247

Frequency controlusingbase and cycling
generating units:

Load levelingand spinningreserve 11,874 23,232

Load levelingand frequency control 11,214 20,114

Spinning reserve and frequencycontrol 13,029 22,061
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In the latter part of the third quarter, remodeling of
the new test facility was completed, and hardware for
the test station was assembled. Also, at that time, the
ABSOLYI’E IIP modules were moved into the facility,
strapped in a series configuration, and connected to the
test station. A picture of the test station and the
ABSOLYTE IF battery is shown in Figure 3-5.

During the fourth quarter of FY94, all related test
station equipment was checked for proper operation,
and the controllers programmed. Also during this
period, a draft test plan was written to define testing of
the three series-connected modules. The objectives of
testing this battery were identified as follows: (1) con-
firm electrical performance ratings, (2) evaluate the
battery’s capability to meet area/frequency regulation
and spinning-reserve requirements for utility energy
storage (uES) applications, and (3) possibly determine
the service life of the battery while using areahlequency
regulation and spinning-reserve cycles. The decision of
whether or not to pursue the last objective will be made
after completing the first and second objectives. Note,
the area/frequency regulation and spinning reserve tests
will be similar to those for the PREPA/C&D lead-acid
batteries that were performed at SNL in 1992-1994,
with power levels scaled to ABSOLYTE HP ratings.

Details of PREPA/C&D battery test procedures are cov-
ered in the “Utility Battery Storage Systems Program
Report for FY93:’ SAND93-3899.

Testing to confirm electrical performance ratings
commenced in late September. Initially, an equalizing
charge was given to the battexy as described in the
ABSOLYTE IIP Installation and Operating Instructions.
Since the battery was in storage for more than 6 mo, the
instructions called for a constant-voltage charge at a
level of 21.15 V (2.35 vpc) until the charging current
tapered to a stable level, which was defined as no further
reduction for 3 hr. This was followed by 12 hr of charg-
ing at this stabilized current level. The in-rush current
was limited to 300A. The current level at the end of the
equalizing charge was 6.26 A. Following the equalizing
charge, three consecutive 150-A constant-current dis-
charge tests were performed to compare measured amp-
hour and kilowatt-hour capacities with rated capacities
for the ABSOLYTE III? The rated capacities are 1200
Ah and 21 kWh at an 8-hr discharge rate to a cut-off
voltage of 15.75 V (1.75 vpc). The measured discharges
yielded 1180, 1202, and 1195 Ah, and 20.9, 21.4, and
21.3 kWh, respectively. Recharges were accomplished
in two steps. First, an in-rush current of 300A was
delivered to the battery until a charging voltage of

“x.. .. ... ... .......

9*

Figure 3-5. Test Station and ABSOLYTE IIP Battery
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21.15 V (2.35 vpc) was reached. Then, the charging
voltage was fixed, and the current allowed to taper until
107% of the Ah capacity removed during the previous
discharge was returned to the battery. Subsequent to
each of the recharges, the battery was allowed to rest at
open circuit for 2 hr before proceeding to the following
discharge.

One cell (cell 3) consistently reached the average
cut-off voltage of 1.75 vw before the other eight cells
on each of the three discharges, causing the sting volt-
age of the battery to reach the 15.75-V cut-off limit
sooner, consequently lowering the measured Ah and
kWh capacities. At the 15.75-V cut-off limit, this par-
ticular cell was at 1.64 V on the first discharge, 1.56 V
on the second, and 1.49 V on the third.

Temperature data were also recorded for the three
dischargelrecharge tests. Four type-k thermocouples
were mounted on the battery at the following locations,
with reference to Figure 3-6: one against the right side
of cell 8; one at the middle of the top side of the steel
case of Module B; one against the right side of cell 5;
and one against the upper left comer of cell 5. These
locations are given with respect to facing the terminal
side of the battery cells, and describe thermocouple
placement in terms of x- and y-coordinates. In terms of
the z-coordinate, each thermocouple was placed mid-
way back along the battery case. Table 3-2 shows tem-
perature increase resulti from the start-of-charge to the
end-of-charge (EOC) for each of the three recharges.
The external temperature at the right side of cell 5 was
assumed to best represent internal cell temperatures,
since it is closest to the center of the entire battery;
therefore, the data shown in Table 3-2 are that produced
by this thermocouple.

Future activities include finalizing the test plan after
soliciting input from GNB, and pursuing the objectives

listed in the test plan, with the next one being to confirm
capacity ratings of the ABSOLYTE IIP intermediate
design at 2-hr and 20-hr discharge rates.

Applied Research - SNL

Sandia has been supporting the development of
improved pressure relief valves for VRLA batteries by
supplying coated samples of the molded rubber plug in
the valve assembly to GNB for testing. Because coated
plugs should be less subject to chemical attack by the
battery electrolyte, they would be less prone to stick to
the valve seat, and therefore may operate more repeat-
able than uncoated plugs. Early test results did show
more uniform opening pressures for valves containing
coated plugs. However, GNB has begun evaluating
other vent valve designs because of a shift in the desired
pressure range for valve operation and because of con-
cerns about the space required for the compressed rub-
ber cylinder relief vent on the cover of the advanced bat-
tery designs. Since a totally different valve concept
could be implemented as a result of this work, evalua-
tion of coatings for the rubber cylinders has been sus-
pended.

During FY94, discussions were begun as to
whether SNL could assist GNB in the evaluation of sur-
face treatments for battery grids as a method of improv-
ing lead-acid battery performance. SNL has personnel
and facilities to perform various surface treatment pro-
cesses that may be beneficial. An initial approach for
this study was agreed upon and a work proposal has
been drafted. Specific powder compounds necessary to
do the surface treatments are now on order, and a few
different sizes of grids have been received at SNL from
GNB. SNL plans to treat the initial grid samples and
then return them to GNB for evaluation. The first sur-

Table 3-2. Temperature Rise Data During Recharges

Cycle #
Temperature Peak Temperature

at Start of Charge Temperature Rise

6 30.5°C 40.2°C 9.7°C

7 33.8°C 45.O”C 11.2°C

8 33.7°C 43.9°C 10.2”C
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Figure 3-6. Thermocouple Placement on Module and Cells of ABSOLYTE IIP Battery

face treatment trials are expected to be carried out early ations of the process will be studied, and, at some point,
in FY95 if the supplies on order arrive as scheduled. If enough grids will be treated for battery-level perfor-
the initial treatments meet expectations, then other vari- mance testing to be carried out.
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4. Subsystems Engineering - Zinc/Bromine

The zinc/bromine battery differs from conventional
batteries in that the electrolyte is circulated and stored
external to the battery stack. The system consists of
battery stacks, electrolyte storage reservoirs, and an
electrolyte circulation system. The flowing electrolyte
is necessary to ensure uniform zinc plating, to separate
the reactive bromine from the electroplated zinc in the
battery stack, and to improve the thermal management
of the system. The main advantages of the zinc/bromine
system are the high specific energy (70-80 WMcg),
ambient temperature operation, low-cost materials, and
simple manufacturing techniques.

A bipolm electrode design is used to increase the
specific energy of the system. During charge, zinc is
electroplated on the anode, and bromine is formed at the
cathode. A completing agent is used to lower the reac-
tivity and vapor pressure of the elemental bromine,
which reduces the self-discharge of the battery and sig-
nificantly improves the safety of the system. The com-
plexed bromine is removed with the flowing electrolyte
and is stored in a reservoir external to the stack. On dis-
charge, the complexed bromine is returned to the battery
stack, where zinc is oxidized to zinc ions and bromine is
reduced to bromide ions. The electrochemical reactions
during charge are given as follows:

Overall:

Anode:

Cathode

Bromine Complex

The zinc/bromine

ZnBr2 + Zn + Br2

Zn2+ + 2e- + Zn

2Br- -+ Br2+ 2e-

QBr- + nBr2+ Q(Br2)nBr-
QBr- = Completing Agent

battery stack contains nearly
100% plastic materials, except for a thin metal screen on
the back side of the terminal electrodes, which is neces-
sary to direct the electrical current in the x-y direction of
the battery stack. The plastic electrodes contain carbon
for electrical conductivity and glass fibers to improve
dimensional stability. The separators are rnicroporous
silica-filled polyethylene, which allows ions to transfer
from one side of the cell to the other. Each electrode
and separator is welded into an injection-molded, glass-
filled polyethylene frame that contains channels and
diverters to distribute the flowing electrolyte uniformly
across the face of the electrodes.

Alternating electrode and separator flow frames are
then welded together and placed between glass-filled

polyethylene end blocks to form a hermetically sealed
battery stack. A patented end block design was devel-
oped to maintain dimensional stability of the battery
stack under pressure. The electrolyte normally flows
through the battery stack under a pressure of 6-8 psi, but
tests have demonstrated that the burst strength of the
stacks is about three times the operating pressure.

Technology Development -
JCBGUZBB

Tasks

The zinc/bromine battery development contract is
being cost shared by the industrial partners. At the end
of FY94, JCBGI sold the zinc/bromine technology to
ZBB. Continuity in the contract was possible because
ZBB hired several JCBGI employees working on the
contract.

The objectives of this contract are to design, fabr-
icate,evaluate, and optimize a zinc/bromine battery sys-
tem suitable for electric utilities. The soundness of the
battery technology was demonstrated during Phase 1 of
the contract. In Phase 2, new larger cell stacks,
designed for an electric utility battery, are being devel-
oped, while core technology research is continuing. The
end product of Phase 2 of the zinchromine development
contract is the demonstration of a 100-kWh system at
the PG&E MGTF in San Ramon, California. Based on
the results of this testing and utility interest, larger sys-
tems may be tested in the future.

Status

During the course of this contract, major improve-
ments have been made in raw material properties and
manufacturing techniques; this has resulted in reduced
leaks and increased battery performance.

Battery Testing

The V-design battery stacks (1170 cm2) were origi-
nally developed to demonstrate the feasibility of the
vibration weldlng process for sealing the battery
stacks. These stacks are being used for long-term cycle
life testing. As shown in Table 4-1, V-design battery
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Table 4-1. V-Design Battery Stack Performance

Battery Manufacture Average Peak Energy

Number Date
Cycle Liie Energy Efficiency

Efficiency (%) (%)

VI-53

VI -54

VI -55

VI -57

3/91 325 72.6

4/91 218 71.0

4/91 366 71.7

4/91 250 71.4

74.6

74.4

74.2

75.9

Avg.

VI -72

V1-76

VI-77

290 71.8

10/92 504 73.3

1/93 325 76.4

3193 513 74.7

75.3

77.9

76.7

Avg. 447 74.6

Vi-79* 6/93 951 74.0

VI -80’ 2/94 497 78.4

76.0

79.0

* Denotes Test in Progress

builds have exhibited significant improvements in per-
formance and cycle life since the beginning of the con-
tract. The end of life is considered to be when the
energy efficiency declines by more than 10% from the
peak value for that battery stack.

Batteries Vi-53 to Vi-57 were manufactured early
in the contract and gave an average 71.8910energy effi-
ciency and an average cycle life of 290 cycles before the
performance degraded by more than 10% from the peak
value.

A lower-resistance carbon plastic electrode was
developed and tested in batteries Vi-72 to V 1-77.
Battery Vi-76 gave slightly higher energy efficiency
than the others primarily due to the use of silver screen
as opposed to copper screen as the current collector in
the terminal electrodes. These batteries had an average
cycle life of 447 cycles and an average energy efficiency
of 74.6Vo.

Battery Vi-79 was manufactured with the same
carbon plastic as the previous batteries, but the cathode
activation-layer pressing parameters were optimized.
The battery is still performing with less than 10% degra-
dation in performance after951 baseline cycles.

“Battery V1-80 was manufactured with low-resis-
tance terminal electrodes and a very-high-surface-area
carbon activation layer. The terminal electrodes had
about 50Volower resistance than previously prepared
electrodes, and the surface area of the cathode layer was
about three times higher than for those used in battery
Vi-79. These improvements demonstrated higher
energy efficiencies and are expected to extend the life of
the battery. Battery V 1-80 continues to perform at about
78% after 497 cycles.

The performance of several of the V-design,
1170-cm2 battery stacks is described in the following
section.

Eight Cc/l, 1170-cfr+’ Stacks

VI-72 (1-kWh)

Battery Vi-72 was the first V-design battery stack
to complete more than 500 cycles (see Figure 4-l). The
battery was performing at 88.4% coulombic, 79. 1% vol-
taic, and 70.0’%0energy efficiencies after 504 cycles. At
this point, the second-phase solenoid valve became
inoperable during a series of six consecutive baseline
cycles. Because of the valve remaining closed, only
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Figure 4-1. Vi-72 Baseliie Cycle Efficiencies (l-kW%, 8-cell battery stack)

aqueous-phase electrolyte could be circulated during the 84.0% coulombic, 80.6% voltaic, and 67.7% energy
discharge portion of the cycle. The battery became
severely overcharged, since it could only be partially
discharged during each of the six cycles. It was taken
off test because a small leak developed from the anode
terminal stud connection.

Vi-76 (1-kWh)

The energy efficiency of battery VI-76 had
declined by more than 10% after 325 cycles. A number
of attempts were made to bring the performance of this
battery back into the 10% degradation range without
much success, as seen in Figure 4-2. The battery was
taken off test after completing 414 cycles. The efficien-
cies for the final cycle were 85.9% coulombic,
76.8% voltaic, and 66.090 energy efficiencies with
7.3% transport and 6.7% residual inefficiencies. The
efficiencies fluctuated a great deal over the last
50 cycles, so testing was discontinued. The battery
failed because of high electrochemical polarization and
an increase in internal resistance.

Vi-77 (1-kWh)

After completing 517 cycles, the performance of
battery Vi-77 had declined by more than 10% from the
peak energy efficiency of 76.7%. The final cycle gave

efficiencies. Figure 4-3 is a plot of baseline cycle effi-
ciencies for battery V 1-77. This battery failed because
of high electrochemical polarization and an increase in
internal resistance.

During the charge portion of cycle 454, a cooling
water line broke and filled the spill containment tray,
completely submerging the pumps. The pumps became
inoperable, and the battery remained partially charged
until the stack could be drained and transferred to
another test station. This pump failure did not appear to
irreversibly damage the battery, but it may have caused
the banery performance to deteriorate more rapidly than
expected.

Vi-78 (1-kWh)

Twenty-one baseline cycles were run on battery
VI-78 with very consistent results. The cycle efficien-
cies averaged 89.6% coulombic,. 85.670 voltaic, and
76.790 energy, with 5.470 transport and 5.0% residual
inefficiencies. It was removed from testing and was
going to be sent to SNL for testing. Figure 4-4 is a ‘
graph of the cycle efficiencies for battery Vi-78.

The battery was placed back on test after being on
the shelf for more than a year. A lower-cost electrolyte
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was being tested, but the battery gave poor performance.
When tom down, some of the separators w-ereobserved
to have cracks near the bottom of the stack. It appears
that the separators may have dried out and cracked
while the battery was not in operation, which probably
caused the poor performance.

Vi-79 (1-kWh],.

Battery VI-79 is the first V-design battery stack to
complete more than 900 baseline cycles with no leaks
and less than 10% degradation in performance. Figure
4-5 shows that the battery is currently performing at
88. 1% coulombic efficiency, 79.6% voltaic efficiency,
and 69.3% energy efficiency after 951 cycles. The
energy efficiency is still greater than 91% of the peak
value of 76.0% and the stack continues to provide
greater than 1.1 kWh on baseline cycles.

V1-80 (1-kWh)

Battery V1-80 has completed 497 cycles, with the
most recent baseline cycle giving 91. 1% coulombic,
85.3% voltaic and 77.7% energy efficiencies (see Figure
4-6). This battery was manufactured using low-resis-
tance terminal electrodes and a cathode activation layer

.

with a very high electrochemical surface area. The sur-
face area of the bipolar electrodes is about three times
higher than for the electrodes used in battery Vi-79.
This increase in surface area gave very low polarization
and is also expected to extend the cycle life of the bat-
tery. The performance of this stack has declined by less
than 2% from the peak energy efficiency of 79.0%.

V1-81 (1-kWh)

Battery V1-81 was assembled to qualify an exper-
imentalmanufacturing technique. The bipolar electrodes
were the same as those used in battery V 1-80, but the
terminal electrodes were prepared using the original
manufacturing technique, which gives higher resistance.
The battery had completed 334 cycles with very little
decline in efficiencies, but the following cycle showed a
rapid decline in coulombic efficiency, as shown in Fig-
ure 4-7. The battery completed .a total of 343 cycles
with the final cycle giving 79.9% coulombic,
82.0% voltaic, and 65.69. energy efficiencies with
11.l% transport and 9.070 residual losses. Teardown of
this battery stack showed rough plating on the anode ter-
minal electrode but no sign of any internal weld failures.
‘l%e poor plating indicates probable poor electrolyte
flow distribution in the anode terminal electrode cell.
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Eight Cell, 2500-cn? Battery Stacks

The size of the battery stack was increased from
1170 cm2 to 2500 cm2 to reduce the part count and to
lower the cost of the battery. The channels and diverters
of the 2500 cm2 flow frame were designed to minimize
shunt currents and to improve the flow of electrolyte
across the face of the electrodes.

The 1170-cm2 stack contained metal inserts in the
end block to provide dimensional stability. The
2500-cm2 design uses a 100% glass-filled plastic end-
block design, which eliminates the need for the metal
inserts and improves the recyclability of the battery
stack.

The 2500-cm2 series battery stacks are being devel-
oped as the building block for large utility battery
systems. Battery stacks with eight cells were manufac-
tured to demonstrate the design of the larger flow
frames. A number of flow-frame and end-block design
iterations were completed over a 7-mo period. Once
adequate performance was achieved from 8-cell stacks,
60-cell stacks were produced. Details on the perfor-
mance of individual 8-cell, 2500-series stacks are given
in the following sections.

ENERGY (76 .5%)
POLARIZATION

V25-01-08 (2-kWh)

Battery V25-01-08 was cycled 10 times and dem-
onstrated inconsistent performance. The energy effi-
ciencies for this battery ranged from 10.790 to 64.9%.
Some of the charge cycles had voltages below the open-
circuit voltage of the battery, indicating a probable inter-
nal short.

Two leaks were observed from the battery stack.
One was on the top near the center cells of the stack on
the anode right side. The other was at the bottom left
side near the anode terminal electrode. The reasons for
the leaks appeared to be sink marks, which have since
been eliminated during the injection molding process.

The zinc plating was very smooth; therefore, the
poor performance of this battery indicated poor flow of
the catholyte second phase across the face of the elec-
trodes. Cross sections of the flow‘channels showed that
some of the vanes were not completely welded, which
caused an uneven dk.ribution of the catholyte across the
electrode surface. The flow frames were modified to
eliminate this problem.

4. SUBSYSTEMS ENGINEERING - ZINCYBROMINE 4-7



V25-02-08 (2-kWh]

The performance of battery V25-02-08 declined by
more than 10’% in energy efficiency after only seven
cycles, as shown in Figure 4-8. Initially the battery per-
formed well (76.1’%0energy efficiency), but the efficien-
cies after nine cycles were 74.290 coulombic, 84.6%
voltaic, and 62.870 energy. Small leaks were observed
from both the bottom and the top of the stack. The leaks
appeared to be coming from between the first frame and
the end block. Also, by the end of cycling, a small
amount of complexed-phase bromine was observed in
the anolyte reservoir.

The battery was tom down at 80% depth of dis-
charge. The terminal anode on the left side of the stack
had very little zinc, which indicates that complexed bro-
mine was getting into this cell. The flow channels, espe-
cially near the manifolds, showed some incomplete
welds. These appeared to be in regions of the flow
frame where the pkstic was thin. The weldlng process
deforms these areas slightly, causing incomplete contact
of the weld beads. A solution to this problem was initi-
ated, and new flow frames and endblocks were pro-
duced.

V25-03-08 (2-kWh\

Battery V25-03-08 had some external leaks when
the battery was water tested. Because of this, it was
never cycled with electrolyte.

V25-04-08 (2-kWh)

Battery V25-04-08 gave consistent performance
with about 74.570 energy efficiency for the first
10 cycles, as shown in Figure 4-9. It was then placed on
the 2-kWh deliverable station to demonstrate the con-
troller and station design. The performance of the stack
on the deliverable station was fairly good, about
89.5% coulombic efficiency, but the voltaic efficiency
was low, about 82-83%, which was attributed to a prob-
lem with the cycling unit. This battery was tested on the
deliverable station until 20 cycles were completed.

V25-05-08 (2-kWh)

Figure 4-10 shows that battery V25-05-08 had con-
sistent performance until the coulombic efficiency
dropped dramatically during cycle 11. Teardown of this
battery stack showed a failure of the center weld
between the end block and the first flow frame. The fail-
ure was attributed to warpage of the end block, which
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Figure 4-8. V25-02-08 Baseline Cycle Efficiencies (2-kWh, 8-cell battery stack)
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caused a weak weld at the center of the stack. Addi-
tional gates were added to the end block injection mold,
which reduced warpage and eliminated the center weld
failure problem.

V25-06-08 {2-kWh)

Problems with the first 2500-senes battery stacks
included poor distribution of complexed phase over the
face of the electrode, and electrolyte crossing over
between flow frames. Battery V25-06-08 was the first
2500-series battery stack to be manufactured using the
flow frames that were modified to eliminate these prob-
lems.

Flow rates needed to obtain optimum performance
for the 2500-cm2 battery stacks were determined using
this battery stack. The battery consistently gave about
76-77% energy eftlciency over the first 26 cycles, as
shown in Figure 4-11. During a set of six consecutive
baseline cycles, the anolyte reservoir cracked, causing
all of the electrolyte to drain from the reservoir. Follow-
ing this, complexed-phase bromine was observed in the
anolyte, and the battery was taken off test.

V25-07-08 (2-kWh)

Several welding problems were encountered during
the manufacture of battery V25-07-08. Initial results

-I nnAwu\

gave greater than 77% energy efficiency, but the perfor-
mance varied considerably from one cycle to the next.
This battery was used for no-strip cycle testing, which
will be described later.

During cycle 18, complexed bromine was observed
in the anolyte reservoir, indicating cross flow between
cells. Teardown of this stack showed that the center
weld between the cathode end block and the first frame
had failed. Tlis is the probable reason for the inconsis-
tent performance of this battery stack. Changes were
implemented to reduce the warpage of the end block,
which appears to have eliminated the problem.

V25-10-08 (2-kWh)

Battery V25- 10-08 completed 20 cycles with very
consistent performance. The last cycle gave 89.2% cou-
lombic, 85.8% voltaic, and 76.5% energy efficiencies.
This stack is presently being tested at SNL with the
2-kWh deliverable battery station. Figure 4-12 is a plot
of cycle efficiencies for battery V25- 10-08. The last
four cycles are the results of testing on the deliverable
station at SNL.

V25-12-08 (2-kWh]

Battery V25-12-08 was cycled seven times with
inconsistent results. The battery was torn down at 5070
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Figure 4-12. V25-10-O8 Baseline Cycle Efficiencies (2-kWh, 8-cell battery stack)

depth of discharge and was found to have good zinc
plating except for the first bipolar electrode next to the
cathode terminal electrode. This electrode had a large
bare area with no zinc and other areas with a large num-
ber of dendrites. This electrode frame was overwelded,
which apparently restricted the flow in the tirst cell.

V25-13-08 (2-kWh\

Battery V25-13-08 performed consistently over the
first 20 cycles, with energy efficiencies of about 789Z0,as
shown in Figure 4-13. This battery was taken off test
when a bromine stain on the bottom of the stack was
observed. Since the stack was performing well, it was
used to compare bromine completing agents. Results of
the completing agent testing are given later.

Following cycling, the stack was milled apart to
locate the source of the leak. One frame near the center
of the stack was found to have an incomplete weld near
the catholyte manifold that allowed bromine to escape
from the flow channel to a dead space near the outside
of the stack. This was the site of the bromine stain, but
the problem did not appear to adversely affect the per-
formance of the battery.

60-Cell, 2500-cn? Stacks

The 60-cell, 2500-series battery stack will be the
building block of large utility batte~ systems. The
100-kWh deliverable battery will contain six of these
battery stacks. Battery stacks were qualified by running
5 to 10 baseline cycles; then the stacks were taken off
test until the modules for the 100-kWh deliverable bat-
tery were completed. The peak efficiencies for each
stack are given in Table 4-2.

Other Test Results

Polarization and IR Testing

Polarization and IR losses are compared for 8-cell,
1170-cm2 battery stacks in Figures 4-14 and 4-15,
respectively. Figure 4-14 shows that the polarization for
earlier batteries (V 1-54 and V 1-76) began to increase
rapidly at about 250 cycles, but not for the most recent
battery builds. Battery VI-80 gave the lowest polariza-
tion over the first 450 cycles because of the develop-
ment of a large-surface-area cathode activation layer.

Figure 4-15 shows that recent stacks are much
lower in resistance than earlier battery stacks (i.e.,

4. SUBSYSTEMS ENGINEERING – ZINCYBROMINE 4-11
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Figure 4-13. V25-13-08 Baseline Cycle Efficiencies (2-kWh, 8-cell battery stack)

Table 4-2. Performance of 60-Cell, 2500-cm2 Stacks

Battery Coulombic Voltaic Energy Transport Residual
Number Efficiency (%) Efficiency (%) Efficiency (%) Losses (“A) Losses (%)

V25-09-60

V25-11-60

V25-14-60

V25-1 5-60

V25-1 6-60

V25-19-60

V25-20-60

V25-21 -60

V25-22-60

V25-23-60

87.1

89.6

84.3

89.0

88.8

87.1

88.0

86.0

86.3

86.2

83.8

85.9

85.4

86.1

86.5

86.3

86.8

86.1

87.4

87.5

73.0

77.0

72.0

76.6

76.8

75.2

76.4

74.1

75.4

75.4

6.9

6.9

10.6

6.9

7.3

8.4

9.5

9.6

10.3

10.1

6.0

3.6

5.1

4.1

3.9

4.5

3.8

4.4

3.5

3.8
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VI-54). This is because of the development of a 10w-
resistance carbon plastic electrode material. Batteries
VI-76 and V1-80 gave very low IR losses because of
the development of low-resistance terminal electrodes.
The modifications incorporated into battery V1-80, low-
resistance carbon plastic, a high-surface-area cathode
layer, and improved terminal electrode manufacturing
techniques, have demonstrated improved battery perfor-
mance over the first 450 baseline cycles.

The polarization and IR losses of an 1170-cm2
battery stack were also measured during a standard dis-
charge cycle. The rapid decline in voltage near the end
of discharge is associated with an increase in battery
polarization, as shown in Figure 4-16. The Et losses
appear to increase nearly linearly during discharge, but
the polarization increases more rapidly near the end of
discharge. The increase in polarization is from a reduc-
tion in the amount of bromine available for reaction and
the nonuniform dissolution of zinc from the anode.

No-Strip Cycling

After discharging the zinc/bromine battery to
1.0 vpc, it is usually completely stripped of any residual
zinc by connecting the battery across a resistor. This is
done to ensure that there is a smooth electrode surface at
the beginning of each cycle for the deposition of zinc.

25I

B

Although it is recommended, the battery does not
have to be stripped following every cycle. The time
needed to completely strip the battery may not be avail-
able in all cases, and the capacity remaining in the
battery prior to stripping can be utilized as usable energy
during the following cycle.

Results of six consecutive cycles without stripping
are compared to baseline cycle efficiencies in Table 4-3
for batteries VI-80 and Vi-8 1. The average efficiencies
did not increase as much as for previously tested batter-
ies, but this is due to the small amount of residual losses
observed during baseline cycling for these two battery
stacks. Earlier battery stacks gave 5-6% residual losses
on baseline cycling.

One other interesting characteristic of these two
batteries is that the energy efficiencies increased on each
cycle up to cycle 5 for V 1-81 and cycle 6 for V1-80.
Previous battery stacks achieved the maximum efficien-
cies on the second cycle of the set and declined on each
successive cycle, as shown in Figure 4-17.

Results from no-strip cycling performed on a
2500-cm2 battery stack are given in Table 4-4. The sec-
ond cycle of the no-stip set experienced an increase in
coulombic efficiency as anticipated, but the efficiencies
dropped off rapidly on each successive cycle. The effi-
ciencies for a properly performing battery stack should

m-

● POLARIZATION
O IR LOSSES
H TOTAL LOSSES

?

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

TIME (MINUTES)

Figure 4-16. Polarization and IR Losses During Discharge after Cycle 165 (V1-80, l-kWh, 8-cell battery
stack)
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Table 4-3. Average of Six No-Strip Cycles Compared
to Baseline Cycle Results

Cycling Coulombic Voltaic Energy Transport Residual
Regime (%) (%) (%) (%) (%)

Battery VI-80

Baseline 90.7 86.5 78.5 6.1 3.2

No-strip 91.9 86.8 79.8 6.4 1.7

Battety VI-81

Baseline 90.3 64.8 76.6 5.8 3.9

No-strip 91.6 85.3 78.6 6.6 1.8

“ 81

80 “
G

; 79 -

u
-.----..-----* ------------* -------------
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,.”
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~ 77”
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+V1-80
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$
$ 75.
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73’
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NO-STRIP CYCLE

Figure 4-17. Comparison of No-Strip Cycling for 8-Cell, V-Design Battery Stacks

level off following the second cycle of a no-strip results, the test will be performed again on a new battery
sequence. These results are similar to results observed stack.
for early V-design, 1170-cm2 battery stacks and appar-
ently result from poor electrolyte flow distribution. This Multiple Stack Testjng
battery stack did have a center weld failure that may
have caused poor flow. Because of the inconsistent The performance of two 60-cell, 2500-cm2 battery

. stacks hydraulically connected in parallel is compared
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Table 4-4. No-Strip Cycle Performance for Battery V25-07-08

Cycle Coulombic Voltaic Energy
Number Efficiency (%) Efficiency (%) Efficiency (%)

6 85.4 84.5 72.1

7 88.0 84.3 74.2

8 83.2 84.8 70.6

9 81.6 85.3 69.6

to the performance of a single stack in Table 4-5. The
comparison is made at a zinc loading of 60 rnAh/cm2
because the reservoir could not hold enough electrolyte
to obtain a full loading for the two-stack configuration.
The two stacks gave the same efficiencies as a single
stack that was charged to 60 mAh/cm2, and are expected
to give similar energy efficiencies of 76-77% on a full
charge.

High-Rate Discharge

The results of discharging a 60-cell, 2500-cm2
battery stack at different rates are given in Table 4-6.
The results demonstrate that the battery produces
19 kWh of energy for discharges lasting 3 hr or more.
For discharges of less than 3 hr, the energy output
decreases significantly. The results at the higher-rate
d~scharges may be low since the amount of complexed
second phase delivered to the battery stack during dis-
charge was limited by the station design. Results might
have been better if the amount of complexed bromine
circulated during discharge was increased. Table 4-6
also shows that it is much more dhYicult to control the
temperature once the batlery is discharged at the higher

rates. AU cycles began charging at a temperature of
about 25”C.

Initial Bromine Concentration

Recent battery stacks have required more bromine
than previous builds because of the increased surface
area of the cathode activation layer. It has ako been
found that a slight excess of bromine can be beneficial
to the performance of the battery. Figures 4-6 and 4-7
show that the efficiencies for batteries V 1-80 and V 1-81
were very inconsistent early in life, but adding
O.1% excess bromine significantly improved the consis-
tency from one cycle to the next. The slight excess of
bromine also reduced the amount of time needed to strip
the battexy following discharge.

Materials Development

Terminal Electrode Development

Terminal electrodes are prepared by imbedding a
metal screen between two layers of conductive carbon
plastic. The metal screen is necessary to uniforrrdy dis-

Table 4-5. Battery Stack Performance (60-Cell, 2500-cm2 Stacks)

Number of Zinc Loading Couiombic Voltaic Energy
Stacka (mAh/cm2) Efficiency (%) Efficiency (%) Efficiency (%)

1 90 89.1 86.1 76.6

1 60 86.9 85.9 74.7

2 60 87.0 85.9 74.7
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Table 4-6. Effect of Discharge Rate on Performance
for a 60-Cell, 2500-cm2 Battery Stack

Discharge Discharge
Maximum Energy

Current (A) lime (hr)
Temperature output

~c) (kWh)

35.5 5.61 30.6 19.83

42.8 4.67 31.6 19.71

53.3 3.75 33.2 19.43

71.2 2.82 35.0 19.15

104.9 1.87 39.5 17.88

209.9 0.83 50.9 13.54

tribute the current in the x-y plane of the terminal elec-
trode. In the past, the resistance from the electrical con-
nection to the face of the electrode was found to be
higher than predicted, indicating high resistance at the
plastic/metal interface. A new method of preparing ter-
minal electrodes was developed that reduced the resis-
tance from the copper stud connection to the face of the
electrode by about 50%, from 0.5 L? to 0.25 Cl. This
reduction in terminal electrode resistance resulted in
about a 290 increase in battery stack voltaic efficiency.

Cathode Activation Layer Development

The cathode activation layer is a high-surface-area
carbon coating that is applied to the carbon plastic elec-
trode and is then heat-pressed into the plastic. It is nec-
essary to compensate for the relatively low exchange
current density for the bromine/bromide reaction on
carbon. The life limiting mechanism for recent battery
stacks has been associated with the deterioration of the
cathode activation layer, which causes a rapid increase
in polarization near the end of battery life. Hlgher-
surface-area cathode layers have demonstrated low elec-
trode polarization and increased life expectancy of the
battery. A great deal of work has been done in the past
to increase the electrochemical surface area of the bro-
mine electrode.

A high-surface-area cathode layer has been devel-
oped and is presently being tested in battery V 1-80.
These bromine electrodes had high surface areas of
10,000 cm2/cm2, as compared to the 2000 to 3500 cm2/
cm2 used for previous battery builds. These new cath-
ode layers have shown low polarization of 30 to 40 mV

at 250 mA/cm2 discharge rates and are expected to
improve the life expectancy of the battery. This cathode
layer has demonstrated very good performance over the
first 450 cycles for battery V1-80.

Another type of cathode layer, which has an elec-
trochemical surface area of about 50,000 cm2/cm2, has
also been developed, but it has not yet been tested in a
battery.

Battery Design and Manufacturing

2500-cn# Batte~ Stack Design

Several problems were discovered after the post-
mortem analysis of the 2500-senes battery stacks.
Additional seals were added to the diverters and vanes,
and the heights of existing seals were increased to
improve the distribution of second phase. The leakage
problem has been minimized by reducing sink marks
during the injection molding process. Poor quality
welds in the area where weld beads cross a flow channel
on the adjacent frame were improved by adding addi-
tional weld beads in this area.

Scaling up from 8 cells to 60 cells uncovered a
problem with slippage of the end block in the vibration
welding machine. The end block tooling for the welder
was modified to minimize the slippage during the manu- .
facture of 60-cell stacks. Also, minor problems with the
vibration welder surfaced during development, but mod-
ifications have been made to eliminate the errors and to
improve the consistency of the process.
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Table 4-7. 100-kWh Battery Specifications

Typical Charge Voltage 360 V

Maximum Charge Voltage 378 V

TypicalCharge Current lOOA

Maximum Charge Current 150A

Open CircuitVoltage 328 V

Typical DischargeCurrent lOOA

Maximum DischargeCurrent 200 A

Low Voltage Cutoff 180V

Strip Current Cutoff 0.5 A

2-kWh Battery Station Design

The 2-kWh station was designed as a prototype for
each of the 33-kWh modules to be used in the 100 kwh
deliverable. The battery stack contains eight cells with
an electrode area of 2500 cm2. Directly coupled pumps/
motors to circulate electrolyte were tested but displayed
seal failure resulting in corrosion of the motor. There-
fore, magnetically coupled pumps have been installed to
eliminate this failure mechanism. The 2-kWh station
pumps and reservoirs have been equipped with verti-
cally mounted centrifugal pumps mounted inside of a
recessed area in the cover of the electrolyte reservoirs.
This was done to keep most of the plumbing inside the
reservoirs and to eliminate the need to prime the pumps.
A microprocessor controller, similar to the ones used for
the 100-kWh battery, is used to coordinate the operation
and safety of the system. More details on the controller
are given later.

100-kWh Battety Station Design

The original 100-kWh deliverable station proposal
consisted of six battery stacks, two electrolyte reser-
voirs, and a support structure. The statement of work of
the contract has since been changed to require delivery
of a self-contained, stand-alone peak shaving system to
be connected to the utility grid at PG&E. The three-
module configuration was selected to test series and par-
allel arrangements of the battery modules. Details of the
100-kWh battery design are given in the following
section.

The demonstration peak shaving unit consists of a
100-kWh stand-alone system housed in a portable
chemical storage vault. It contains three 33-kWh
battery modules, each consisting of two 60-cell,
2500-cm2 battery stacks hydraulically and electrically
connected in parallel, a pair of reservoirs, and an elec-
trolyte circulation system. Each module is capable of
sustaining a 200-A discharge at an average 91 V for
2 hr.

Each module is supported by a steel frame, with the
reservoirs inserted into the frame and the two battery
stacks located between the reservoirs. The stacks are
attached to the frame by steel cords. The steel frame is
coated with epoxy, and the cords are covered with plas-
tic to eliminate corrosion.

Each reservoir accommodates a recessed sump area
in the cover where the pumps are located. The anolyte
reservoir uses one pump, while two pumps are needed to
circulate both the catholyte aqueous and complexed bro-
mine phases. Brushless DC centrifugal motors run the
pumps and are located in the containers such that the
inlet to the pump is located slightly below the liquid
level in the reservoir. This eliminates the need to prime
the pumps and limits the amount of electrolyte that
could be lost in the case of a leak. Most of the reservoir
plumbing is made of fused kynar and is located inside
the reservoirs to minimize leakage from the system.
Any leakage from this plumbing would be contained
inside the reservoirs.
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The plumbing from the reservoirs to the stacks is
composed of reinforced viton tubing, which was chosen
because of its flexibility. The entire module is located
inside a larger reservoir that can contain any minor leaks
from the system.

Liquid-level sensors are inserted into the top of
each reservoir. The sensors are accurate to 0.25 in. and
supply data to the battery controller. The data are used
to maintain constant electrolyte levels in each reservoir
by adjusting pump speeds. The sensors are also used to
indicate electrolyte and coolant leaks by reading low or
high levels on both sensors at the same time. Leak sens-
ing wires are also located in the module spill tray and
each reservoir pump area. They will indicate small
leaks of electrolyte into either location.

A dry module will weigh more than 700 lb, and
over 1800 lb when filled with electrolyte. Forklift pro-
visions have been made for transporting the modules. A
finite element analysis was run on the structure to ensure
adequate strength, and the final design was reviewed by
an outside consultant for verification.

The three modules will be housed in a
9’1” x 8’6” x 8’3” HaZ-mat building. The system is
designed to sustain a 200-A discharge at an average
273 V for 2 hr. Heat exchangers, a bromine scrubber,
and electrical panels are located in an isolated quadrant
in the building. The building contains a spill contain-
ment sump in addition to those for the individual mod-
ules. Additional safety devices in the building include
bromine and hydrogen sensors and an accelerometer for
earthquake detection. Seismic zone 4 design require-
ments apply to the station as well as the HaZ-mat build-
ing.

The 100-kWh system will be designed such that
‘ batteries can be put in parallel or series configurations.

Each module has an open-circuit voltage of 109 V. The
battery system specifications are given in Table 4-7.

Battery Controller

Each battery module is monitored and operated by a
programmable logic controller (PLC). Each PLC has
2 KB of user memory and is capable of data acquisition
through a full-duplex RS232C serial port. Each PLC
monitors module voltage, stack current, currents for
each motor, and electrolyte liquid levels in each reser-
voir.

The microprocessor controller coordinates the over-
all operation and safety of the system. It also monitors a
number of potentially hazardous conditions to the
system and its surroundings. Some of these conditions
include electrolyte or coolant leaks, earthquakes, high

levels of bromine or hydrogen, high indoor tempera-
tures, and manual emergency stops. When one of these
conditions arises, the controller will completely shut
down the system.

Technology Evaluation - SNL

Evaluation of 8-Cell Stack

One of the deliverables from the utility battery con-
tract with JCBGVZBB was a 2-kWh, 8-cell battery. A
major change from previous batteries tested at SNL was
that the flow frame size was increased from 1200 cm2 to
2500 cm2. The testing goals for this battery are to deter-
mine cycle life under baseline, no-strip, and simulated
utility profile conditions.

Prior to delivering the battery to SNL, 20 full
cycles, at a zinc loading of 90 rnAh/cm2, were run at
JCBGI. The cycling regime used by JCBGI is listed
below. The results are shown on Figure 4-12 and indi-
cate that the battery performed well at JCBGI. This
regime is also being followed by SNL.

c Charge at 50.5A for 45 hr with an upper volt-
age limit of 16 V (2.0 vpc).

● Place the batsery in open-circuit for 1 to 5 tin to
collect open-circuit voltage data.

c Discharge at 52.5 A for 4 hr with a voltage cut-
off of 8 V (1.0 VPC).

● The battery should be stripped of zinc at regular
intervals. This procedure is done after the bat-
tery is discharged to 1.0 vpc and is accom-
plished by shorting the battery through an
appropriately sized resistor. For this 2-kWh bat-
tery, a 1-Q 600-watt resistor was used.

This battery was delivered to SNL in August 1994.
A representative from JCBGI accompanied the zinc/
bromine battery and set up the system using the JCBGI
controller designed for this test. Figure 4-18 is a photo-
graph of this battery showing the 8-cell stack and reser-
voirs. During the initial cycling period, an electrolyte
leak was discovered. This leak was located around the
“O’-ring where the catholyte pump enters the reser-
voir. The reservoir section of the battery was returned to
JCBGI for repair. In early September, the reservoir was
returned to SNL, and attempts were made to start the
testing; however, due to considerable noise in the
second-phase pump, the reservoir was again shipped
back to JCBGI. It was discovered that the pump noise
problem was due to air being trapped around the pump.
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Figure 4-18. Photograph of 2-kWh Zinc/Bromiae Battery

To correct this problem; valves were added at the on September 27, and testing was again started. Prelim-
catholyte and second-phase pumps to allow the air to be inary results indicate that SNL is getting approximately
bled from the pumps. The battery was returned to SNL 3% less coulombic and energy efficiency than JCBGI.
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5. Subsystems Engineering - Sodium/Sulfur

The sodium/sulfur technology is being developed
for UES applications primarily because of its excellent
energy density (low footprint), potential for relatively
low cost (capital and maintenance), and capability for
easy transport. These characteristics allow sodium/sul-
fur to better satisfy those UES applications that place
importance on footprint and portability compared with
conventional lead-acid options. This opportunity is
optimum when an energy/power ratio greater than 1 is
required. Other benefits of this technology include the
ability to accommodate multiple applications with a sin-
gle battery plant and insensitivity to changes in ambient
conditions. System analyses performed to date indicate
that sodium/sulfur battery systems can be used in many
utility battery-storage applications. Customer and tran-
sit system peak reduction, renewable, and deferral of
distribution facilities have been determined to be among
the best applications for this technology.

The overall goal of this UBS Program subelement
is to ensure that a viable sodium/sulfur technology will
be available for utility applications such that the markets
that will be or are being served by conventional battery
technologies will be enhanced. The actual development
process is following a structured and phased strategy.
The phases specific to this program are as follows:
(1) component engineering that permitted the construc-
tion of effective and safe battery modules, in turn allow-
ing the sodium/sulfur concept to be proved (1985-
1990); (2) preliminary battery engineering and design
for a single load-leveling application that demonstrated
the advantages of the technology (1989-1990); (3) itera-
tion of component engineering to resolve specific util-
ity-battery feasibility issues and identify long-term
development requirements (1991- 1993); (4) conceptual
battery engineering to provide the basis for entering into
relatively expensive battery-system level engineering
development and demonstration (1993-1995); (5) proto-
type battery engineering to qualify the production pro-
cesses and final product configuration (1996- 1998); and
(6) product engineering to scale up production to com-
mercial levels and satisfy institutional and regulatory
requirements (1998-2000). A very important part of the
two latter phases involves the comprehensive evaluation
and demonstration of complete battery systems at cus-
tomer locations.

Technology Development - SPI

Tasks

The development of the UES sodiundsulfur tech-
nology was continued past the component engineering
and preliminary battery engineering steps for two
reasons: (1) during the last few years utility systems
analyses have shown a true need for advanced battery
storage and (2) the benefits of the sodium/sulfur tech-
nology in these applications became recognized and
substantiated. Based on the status of the technology, a
4-yr, $3. lM contract was placed in mid-1991 with SPI
to complete the activities described in Phases 3 and 4 in
the preceding paragraph. In this contract, relevant util-
ity applications are being identified, specific cell and
battery hardware are being developed, preliminary engi-
neering of utility battery modules is being completed,
and, finally, a full-scale integrated battery system con-
cept is being designed. An integral part of this work is
the definition of battery requirements, an activity that
with increased involvement of the utility industry is pro-
gressing (see Chapter 2). The continued need to reduce
capital cost and improve service life at the battery level
is the focus of the development activity because these
two areas remain the key issues impeding commerciali-
zation. In addition, attention is being focused on bat-
tery configuration and maintenance strategies, effective
thermal management systems, battery safety both under
intended and accident situations, and, ultimately, on rec-
lamation.

It is relevant that development of the sodiundsulfur
technology for mobile applications at SPI’S sister orga-
nization, Silent Power, Limited (SPL), is proceeding
along a similar but accelerated path. Those improve-
ments that are applicable to both types of end uses (e.g.,
manufacturing technology, some materials and compo-
nents, safety features) are incorporated in this effort.
Work under this project is focusing solely on the specific
needs of UES applications.

The tasks that are being perfo~ed under the Silent
Power, Inc. contract include the following:

1. UES Application Assessment
2. UES Cell and Battery Component Development
3. Preliminary Engineering of UES Modules
4. Full-Scale Battery Plant Design
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The remainder of this section contains a description
of the results obtained during FY94.

Status

Task 1. UES Application Assessment

SPI participated in the first phase of the UBS Pro-
gram opportunities Analysis, which assessed the
requirements and benefits of utility and customer appli-
cations for advanced lead-acid, sodiundsulfur, and zinc/
bromine UES systems. The modular sodium/sulfur
technology tends to fit most beneficially into the smaller
1-2 MW class of applications, which have storage time
requirements of 1 hr or more and require fairly regular
utilization. Because of its excellent energy density (25
kWh/m3 and 41 Wh/kg for the rated system), the NaS-
Pw sodiundsulfur system offers distinct footprint and
portability advantages over lead-acid. The pure applica-
tions that tend to best fit the benefits offered by sodiund
sulfur were identified as distribution facility deferral,
customer reliability and peak shaving, and storage for
renewable.

In practice, a NaS-PaC system may need to fulfill
more than one function. For example, it could be used
to improve power quality to a customer, thus eliminat-
ing the havoc that short outage periods create on sensi-
tive process equipment-while also shaving peak loads as
a form of demand-side management. The net benefit to
the customer includes material and labor savings for the
few times per year that a utility may interrupt service,
and the monthly savings from shaving the demand. The
latter has been shown to offer a 20-30% rate of return,
depending on how “pesky” the load is, the utility
demand charges, and the energy storage required to

~ guarantee that the peak is shaved.

Issues relating to heat loss as a parasitic and power
limitation factor, which have tended to restrict some of
the utility applications for sodiumkulfur, have changed
with the substitution of high-power EV batteries in the
NaS-PaCsystem (see Task 4). Wkh a heat loss less than
4-W/kWh in its stacked stationary setting, the heat loss
is no different than self-discharge is to lead-acid batter-
ies. Because sodiundsulfur batteries have no self-dis-
charge characteristic other than thermal loss, those
applications demanding power less frequently may now
be viable candidates for this technology. In fact, there is
a significant advantage to outdoor deployment of the
NaS-Pw system over other technologies because the
low-heat-loss thermal enclosure required for sodium
sulfur makes the battery insensitive to outside ambient
conditions. Thus, whether the system is located out-

.

doors in Alaska or in Puerto Rico, there is little differ-
ence in the loss of power or capacity of the battery.

The new cell proposed for use in these batteries was
designed to provide acceleration power to midterm elec-
tric vehicles. It has a power-to-energy ratio of 2, a fac-
tor of 1.5 x its predecessor. With this understanding, the
customer reliability application can now be served with
the new NaS-PaC system solely on its own merits
(instead of attempting to enhance the benefit with peak
shaving). The NaS-PX system can be designed with a
self-commutated inverter expressly to eliminate poor
quality utility power (noise, occasional low voltage,
power interruptions, and/or lightning strikes). The
system can also provide power factor correction that
either sources or sinks volt-amp reactivities (VARS) as
required. This is an area that can provide utility cus-
tomer savings, since most power bills include a charge
for power factors below 95’?40.

To stimulate utility interest in BES, SPI has talked
directly with East Coast utilities about BES and their
plans regarding distributed generation and maintaining
customer-side satisfaction in the face of deregulation.
The northeast, in particular, has the highest rates in the
nation, which makes it a target for BES demonstrations
and eventual sales. The most fruitful approach has been
presentations at utility association meetings, such as
those sponsored by the Allegheny Electric Cooperative
and the Pennsylvania Electric Association, to name a
few local organizations. Here, a wider audience of util-
ity participants hears about BES; they can ask questions
and follow up with their own situation. So far, SPI has
found this to be the best forum for getting the word out
on BES. Most participants are not well-informed about
current and future BES products.

For BES reliability-peak shaving opportunities, it
seems reasonable to concentrate on the needs of light
industry, commercial facilities and strategic public facil-
ities. Heavy industries tend to generate their own
poweq to have the clout to negotiate with utilities for
the best rates; to have more than one utility feeding
them; to have implemented their own demand-side man-
agement plans; and to have their own dedicated backup/
peaking generators that they service with their own per-
sonnel. Light industry and commercial establishments,
on the other hand, have little clout in negotiating more
favorable rates and are constrained from purchasing
rotating equipment because of ordinances and restric-
tions on leased properties; furthermore, they can least
afford the maintenance on such equipment. The mes-
sage that the BES systems suppliers must impart to their
prospective clients is that the BES system is no more
intrusive than a transformer sitting on their premises.
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Public power utilities are also candidates for peak
shaving. They are just as susceptible to coincident peak
demand billing as industrial or commercial customers.
Most public power utilities simply buy power from local
utilities and turn around and sell it to their public con-
stituency. BES, strategically placed, can serve to reduce
the peak-billed demand, allowing the generating utility
to dispatch the power from the BES system coincident
with the utility’s peak. The end result is more efficient
operation at the generating utility and demand savings
passed along to the served public.

The best opportunity for entering a customer-side
market is in conjunction with a utility and specifically
with the direct involvement of a customer applications
engineer. For these types of applications, the utility may
want to retain ownership of the equipment and offer it as
an optional service to its customers. This situation
would also allow the utility some control over the power
dispatch. If the customer attains or perceives a substan-
tial benefit with an acceptable payback period, they may
desire to have their own dedicated piece of equipment,
similar in their case to a transformer.

A typical BES opportunity in industry is in the area
of molding and extruding, including both plastics and
metals. Any process whose output requires precise con-
trol and in which the control is susceptible to utility
server power quality will be a good candidate for BES
systems. As an example, a plastic bottle extruder has
three process lines that produce 50,000 bottles/hr. A
typical plant might draw 1-2 MW. If there is a power
glitch, the process controls are affected, which can scrap
the entire run as out of spec. If the outage is sufficiently
long, power is lost to the conveyor, as well as the quartz
heaters, which allows the plastic to solidify along the
line. It can take two shifts to strip the solidified plastic
out of the line and return the line to production. The
extruder might loose $3040K in material alone per inci-
dence, not to mention the labor. It only takes a few
occurrences until the extruder begins to turn his ire
toward the utility and threatens to move the facility or
limit his production plans, in order to find a better utility
server. A half hour of storage appears to be a suitable
duration to allow the line an orderly shutdown. Assum-
ing 1.2 MW of installed BES backup power and a low
volume (early market) cost for the BES system of $600/
kW, it would take six such occurrences per year to pro-
vide a 3-yr payback for this investment. In a mature
market, it is reasonable to expect that the BES system
cost would be reduced sufficiently to allow less than a
2-yr payback. Note that the economics are based strictly
on the customer-derived benefit of having BES backup
power in place, rather than on any peak shaving oppor-
tunity.

Task 2. UES Cell & Battery Development

Most of the program funding has been allocated to
the hardware development embodied in this task. The
series of activities that constitutes Task 2 includes the
original NaS-PaC battery design activity, the develop-
ment of a dedicated UES cell with test support, and bat-
tery component development.

Task 2.1 Preliminary UES Battery Design

This activity is complete and resulted in the original
modular NaS-PaCsystem design. The design was based
on the use of 75-kWh sodium sulfur replaceable battery
packs with a 480-VAC, 3-phase, 300-kW line-commu-
tated converter, in which the maximum battery voltage
is limited to 500 VDC. The battery was designed to fit
behind the 7.5-ft height and 7-ft width dimensions of the
available PCS. The overall package, with 1- or 2-hr
BES options, was designed to be easily transportable by
truck and could be contained in a standard seabox.

Task 2.2.1 Cell Component Development

The cell configuration chosen to be ideal for UES
applications is a c/S cell designed around SPLS XPB
electrolyte. The c/S configuration was chosen over the
traditional central sodium design because of its potential
for long service life, as demonstrated by a similar cell
configuration (the Technology Demonstration [TD] cell)
designed and tested at SPL. Having the cathode con-
tained within the ceramic electrolyte eliminates the need
for expensive and often ineffective coated corrosion-
resistant containers. Though the TD cell exhibited long
life during testing, it was not a practical cell in terms of
cost effectiveness or energy density.

The objective of this task is to develop a c/S cell
that will overcome the limitations of the TD cell while
preserving its long life. The major changes relative to
the TD design were the use of planar thermocompres-
sion bond (TCB) metal-to-ceramic seals rather than
tapered radial TCB seals and the incorporation of the
sodium reservoir in the area surrounding the safety tube
instead of locating it underneath the cell. The current
c/S cell design is shown schematically in Figure 5-1.

During the past year, the primary effort under this
task focused on resolving a sodium seal freezefthaw
problem. Further development of a modified sodium
filling method and sulfur seal has been pursued.

Sodium Seal Development

In the previous (FY93) UBS Annual Report, it was
reported that a problem existed with failure of the
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sodium-side seal during initial heat-up of ceils and dur-
ing subsequent thermal cycles. It has been observed that
approximately 10-2090 of cells fail during the initial
heat-up to operating temperature. The cell failure is
manifested by sodium leaking from the sodium seal,
pooling in the well created by the safety tube and outer
container and eventually shorting the cell. That the cell
has become short-circuited becomes evident at tempera-
tures usually ranging from 280° to 310“C. In some
cases, the sodium has ignited and melted or burned
through the cathode cap, occasionally causing additional
damage to the cell, such as fracture of the electrolyte.
Posttest analyses (PTAs) of failed cells has shown that
the failure of the sodium seal occurs at the interface
between the aluminum gasket and the alpha-alumina
header.

Liauid Metal Embrittlement

An initial investigation into possible causes of the
problem suggested that liquid metal embrittlement
(LME) of aluminum by liquid sodium could be respon-
sible for the seal failures. Certainly the three elements
required for LME are present: stress, the presence of an
embrittling liquid metal, and a metal that can be embrit-
tied. If LME is the cause, it should be possible to elimi-
nate the failures by eliminating any of these three ele-
ments. Thermal compression bonded seal assemblies
which were thermally cycled without sodium between
room temperature and 350°C for 10 cycles showed no
loss of hermeticity in helium leak tests.

INI=ILL

SAFETYTuSE

In order to further quantify the magnitude of the
LME problem and establish a comparative database of
bond strengths, a series of mechanical tests of seal
assemblies is being conducted. The TCB seal samples
were made by bonding seal rings made from Kovar,
chrornized mild steel, and 410 stainless steel to alpha-
alumina headers with 6061 aluminum alloy gaskets
using standard bonding jigs and thermal conditions.
The resultant seal strength is determined by axially
loadlng the joints on an Instron machine until failure
occurs. Five samples each are being tested at room tem-
perature in air, at 120”C in sodhm, and at 330°C in
sodium. The samples being tested in sodium are loaded,
one at a time, into the fixture shown in Figure 5-2 with
enough sodium added to completely submerge the seal
in sodium when it melts. Loading is done in a con-
trolled-atmosphere glove box, and standard vacuum
hardware is used for the seals on the fixture so as to min-
imize the possibility of oxygen contamination of the
sodium. The results of the strength tests completed to
date are shown in Table 5-1.

The data in Table 5-1 for seals with chrornized mild
steel show a minimum in strength at a temperature just
above the melting point of the embrittling metal, a result
that is consistent with an LME mechanism. The tests of
the remaining seal types will be completed during the
coming quarter.

Given that LME is responsible for the sodium-side
seal failures, solving the problem should be a matter of
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Figure 5-2. Strength Test Future

Table 5-1. Thermal Compression Bond (Seal) Strength

Seal Type 23°C, in Air (MPa) 330”C, in Sodium (MPa) 120”C, in Sodium (MPa)

Chromized Mild Steel 14.0 * 2.8 13.9 k 2.5 8.2 t 0.7

Nitrided410 SS 12.4* 1.3 13.5 & 2.7 NC*

Kovar 9.3 k 2.4 16.6 * 3.3 NC

● Test not completed.

removing one of the three conditions required for LME
to occur, that is, keeping sodium away from the seal,
removing or altering the configuration of the stress on
the seal, or using as the interlayer in the seal a metal that
is not subject to-LME.

Seal Modification Trials

A number of approaches
taken to resolve the sodium

are being or have been
seal freezehhaw failure

problem. As noted above, completely eliminating any
one of the three conditions required for LME should

eliminate the seal failures. Several alternatives to each
of the three conditions are being pursued.

Seal Stress Reduction or Reconfiguration - Modifi-
cations to the baseline design intended to reduce the
thermal stresses on the seal have included changing the
alloy of the metal seal member from chromized mild
steel to Kovar or nitrided 410 stainless steel; increasing
the thickness of the aluminum interlayer; reducing the
thickness of the metal seal member and detaching the
safety tube from the seal element. Reducing the thick-
ness of the metal seal member may also assist in keep-
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ing sodium away from the aluminum interlayer. Of
these, changing to Kovaror410 stainless steel in combi-
nation with detaching the safety tube from the seal
member appear to have resulted in marginal improve-
ment of the seal’s durability during thermal cycling.
Tests have not yet been conducted to isolate the alloy
change from the safety tube detachment.

Work on another approach to resolving the problem
has recently been initiated. This approach consists of
modifying the entire sodium seal configuration to a
tapered circumferential seal such as was used in the
original TD cell. In this configuration, the outside diam-
eter of the alumina header is ground with a slight degree
taper. A sealing ring made from Inconel 600 with a mat-
ing taper and an aluminum alloy interlayer ring are
pressed onto the alumina header at an elevated tempera-
ture, bonding the ring to the circumference of the
header. As the assembly cools, the aluminum interlayer
becomes compressed between the seal ring and the
header because of the higher TCE of the Inconel. With
this configuration, the stresses in the aluminum inter-
layer are always compressive, and shearing of the alu-
minum interlayer during thermal cycling is eliminated.

Though this approach is expected to be less cost-
effective than use of the planar baseline seal design, it
may provide sufficient seal durability to permit testing
that can confirm that c/S cells do not have an electrolyte
freeze/thaw failure problem, and to allow c/S cell safety
to be effectively characterized.

Reduction of the Susceptibility of the Bonding Alloy
to LME - The first approach in this category was to
make brazed metal-to-alumina seals. Though it was
recognized that brazed seals could never be cost-effec-
tive in a commercial cell, it was expected that cells
could be produced in which safety and electrolyte
freezehhaw durability could be tested. The most readily
used brazing fillers, copper/silver alloys, were tried, and
hermetic seals could be produced using them. However,
the silver phase of the filler was rapidly dissolved by liq-
uid sodium, resulting in seal lives insufficiently long to
permit freezehhaw or safety testing. Several nonsilvers
bearing alloys were also tried, but their effective use
required facilities and expertise beyond those immedi-
ately available at Silent Power. The effort was aban-
doned in favor of other approaches that are believed to
be within the scope of capability and that would more
likely be applicable in commercird cells.

The second approach in this category is to change
the aluminum alloy (606 1 is the baseline alloy) used for
bonding while maintaining the baseline geometry.
Alloy 5086 was selected for trial because it is a non-
heat-treatable alloy and has a eutectic temperature simi-

lar to that of 6061. Hermetic seals were produced under
bonding conditions that were the same as those in use
for 6061 alloy. However, there was no improvement in
the freeze/thaw durability of the seals.

The third approach in this group is to use an alumi-
num-silicon eutectic alloy and a modified bonding pro-
cess (higher pressure and lower temperature). This
approach, described in German Patent No. DE 43 01
927 Al (issued to NGK Insulator), reportedly produced
seals with greater resistance to general sodium attack,
though its freezelthaw durability was not discussed in
the patent. To date, a number of hermetic seals have
been fabricated for mechanical testing. Additionally,
one cell has been fabricated and is currently on test.

Elimination of Sodium Contact with the Bonding
Alloy - The final solution to eliminating the LME of the
sodium seal is to completely eliminate contact between
liquid sodium and the seal. The approach being taken is
to coat the seals with a material that is not wetted by
sodium. Materirds and components have been ordered,
but no seals have yet been fabricated or tested.

Task 2.2.2 Battety Component Development

Many battery-level components were successfully
developed and incorporated into the 12-kWb prototype
battery delivered to SNL for testing. These included:

8

●

●

●

✎

A low-cost, nonevacuated, thermal enclosure
offering excellent temperature uniformity;

Inexpensive passive thermal management
system utilizing latent heat storage materials to
arrest cell temperature rise during sustained dis-
charge and to maximize system energy effi-
ciency;

A thermally conductive, but electrically insulat-
ing, cement for binding cells and salt capsules
together in a tight array;

A special dedicated battery management system
that eliminated reliance on calculating open-cir-
cuit voltage, using instead a more straightfor-
ward (Ah) accounting;

A quick push-pull plug for handling the full
battery current to the load, which facilitates easy
maintenance/replacement.

The battery component development task has
recently extended the eutectic mixture consideration to
salts with lower melting temperatures. This is in keep-
ing with the intent of lowering the operating tempera-
ture of cells to minimize corrosion and extend useful
life. Experimental salt capsules have been filled and
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tested to verify performance. With the small addition of
NaCl to the LiC1/KCl, the ternary mixture melting point
is reduced by 5°C to 350”C with a latent heat of
52.5 cal/gm (220 kJ/kg) (see Figure 5-3). Essentially,
there is no change from the latent heat of fusion of the
LiC1-KCl binary salt, while the material cost is slightly
lower. This eutectic is therefore a promising candidate
for future passively cooled battery designs.

Task 2.2.3 Cell Design Verification

Cell Performance Testing

Cell Life Testing - Cell 023, with a theoretical
capacity of 29 Ah, has been cycling since October 28,
1992. In that time, it has completed over 1350 cycles.
Currently, the cell is dkcharging at a 7-A rate, and
charging at a 2-A rate. It is being discharged to a cutoff
voltage of 1.78 (1.90 VOC), and charged to a cutoff
voltage of 2.3.

WMin the previously mentioned voltage limit

cate that resistance is increasing at the rate of about
3 mS2per 1000 cycles. Plots of the cell resistance and
depth of discharge as functions of cycle number are
shown in F@res 5-4 and 5-5, respectively.

Cell 023 has been discharging to 80 percent of theo-
retical capacity (based on an open circuit voltage of
1.9 V, 1 hr after the end of discharge), Statistical analy-
sis shows that the unrecoverable capacity (f 1) has been
increasing at 3.9 percent per 1000 cycles. This trans-
lates to a loss of capacity of 1.14 Ah per 1000 cycles.

Analysis of the number of watt hours returned to
the cell during a 2-A charge divided by the watt-hours
the cell delivered during a 7-A discharge indicates a loss
in energy efficiency of only 0.78% over the course of
the 600 cycles during which that particular charge and
discharge testing was performed.

?W-Coated Current C.cdiectors - Four cells (096,
097, 098, and 099) with TIN-coated current collectors
(sputtered on aluminum by Applied Modular Power
Svstems. Inc.. Ann Arbor. Michimn) were assembled

boundaries, 17 Ah are typically being removed and aid placed on test. Cells 698 and”099 were assembled
added, with a corresponding resistance of 13-14 ti at
the beginning of charge and an end-of-discharge resis-

with three segments of glassed nickel wire to prevent
undesirable recharge polarization.

tance of 15-16 mQ. Calculations of rate of change indi-
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F@re 5-3. Thermal Behavior of KC1-LiCl-NaCl Eutectic Salt for Battery Energy Storage
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Cells 097 and 099 completed more than 120 cycles,
but both performed poorly, with high resistance and
poor recharge characteristics. In both cases, the initial
resistance was high but decreased until about cycle 115,
at which point the resistance in both cells abruptly
increased and cycling was no longer possible. A plot of
cell resistance vs. cycle number for cell 099 is shown in
Figure 5-6. Plots of the depth of discharge and fl are
shown in Figure 5-7. PTA results showed that the llN
coating had been severely corroded by sodium polysul-
fides. In both cells, greater than 759%of the coating was
spalled from the current collector. Cell 098 failed dur-
ing heat-up caused by a sodium seal failure. Cell 096
failed after 51 cycles at the top of charge because of
fracture of the electrolyte or of the alpha-alumina-to-
beta’’-alurnina seal.

Freeze~aw Testing

Freeze/thaw testing of cells fabricated with aher-
nate seal materials and modified seallsafety tube designs
has been completed. The results, summarized in Table
5-2, are quite encouraging. Though three cells failed as
a result of sodium seal failures during freezehhaw, they
withstood as many or more thermal cycles than any
other cells tested under this program. Until now, cells
with the baseline design, chromized mild steel seal rings

with integral safety tubes, have exhibited a 10-20% fail-
ure rate upon initial heat-up. The failure rate during
subsequent freezelthaw cycles has been even higher,
with no cell having survived more than four heat-ups,
including the initial heat-up.

It is also notable that no electrolyte failures
occurred during thermal cycling. The electrolyte in cell
092 failed during electrical cycling and not during ther-
mal cycling. That there were no electrolyte failures is a
very positive result and suggests that previous concerns
regarding electrolyte durability in c/S cells may be
unjustified.

Task 3. Design & Fabrication of UES
Module

Fabrication of the 12-kWh, 400-Ah, sodium-sulfur
UES prototype battery was completed as planned at the
end of January 1994 at the Silent Power Salt Lake City
facility and shipped to SNL for testing.

The UES battery, shown in Figure 5-8, was
installed and commissioned at the SNL facility in Albu-
querque and has been operating since September 9,
1994. It has completed more than 44 constant-current
discharge (C/3) cycles to a ‘depth of discharge of

Cell: 609SES1 00-099
Type: Central Sulfur
Cathode: TiN

,~acity: 29.80 ampere-hours (Noz%)

I . BOD Resistance
● BOC Resistance I .

. .

~.
0 20 40 60 80 100 120 140

Cycle Number

Figure 5-6. Cell Resistance for Cell 099

5. SUBSYSTEMS ENGINEERING – SODIUM7SULFUR 5-9



4.?6.3s9495656AM
Cell: 609SES1 00-099
Type: Central Sulfur
Cathode: TiN

Copacity: 29.80 ampere-hours

100

90
I

80

1

.—
c...%-....... . .. —.. . .

70 .. ...-’“..:.- .....’
.

O’ep(h of C)ischarge ..

60 }
1.

50

40

30
/

20 - Unrecoverable Copoci .
. .. . . . . . - . .. . .. ...—%-”u.%..-

. “-...-..”---
10 . .. .

0 - 1
0 20 40 60 80 100 120 140

Cycle Number

Figure 5-7. Depth of D~charge and Unrecoverable Capacity for Cell 099

Table 5-2. Sodium Seal Freeze/Thaw Test Results

F~ Cycles
Cell # Seal Ring Survived Failure Location, Mode

-091 Nitrided410 7 Na seal, freezelthaw

-092 Nitrided410 1 Electrolyte,top of charge

-093 Nitrided410 4 Na seal, freezelthaw

-094 Kovar 4 Na seal, freezelthaw

-095 Kovar 3 Current lug braze joint, cycling

408 Ah. The umecoverable capacity has stabilized near After completing 6 cycles, the bank resistances
11% with a maximum usable capacity of 460 Ah (to ranged from 3.2 to 3.4 mfl for a total battery resistance
1.9 VOC). It was known from bank qualification testing of 13.1 mf2. This is in good agreement with the
prior to battery assembly that two cell strings were expected battery resistance of 12.9 mfl.
faulty at the time the battery was shipped from Salt Lake
City. However, the usable capacity of 460 Ah indicates Surface temperature measurements at various

that no additional strings failed during shipment or dur- points on the exposed exterior of the battery average

ing heat-up. 44.5”C, which is consistent with a heat loss through the
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Figure 5-8. 12-kWh Sodhnn/Sulfur UES Battery Being Tested at SNL

insulation of 230 W. The mean thermal conductivity of
the insulation is .050 W/m°C.

This task is essentially complete; however, Silent
Power will continue to monitor, advise, and support the
ongoing testing at SNL.

Task 4. Full-Scale Battery Plant Design

The original NaS-PaCBES system design was based
on the use of 125-VDC, 75-kWh battery packs. The
design of these batteries was similar to that of the
12-kWh prototype battery (Task 3). The intention, how-
ever, was to replace, at the appropriate time, the small
10-Ah Mk4 cells manufactured in Clifton, UK, with the
35-Ah cell that is being developed in Task 2 specifically
to achieve long life for a UES market. Battery packs,
then, would be composed of two tightly bound cell lay-
ers, each experiencing equivalent thermal conditions.
The thermal energy storage (TES) capsules, cemented
into the interstitial space between in-line cells, would
provide the passive cooling mechanism required to limit
cell temperature rise during sustained discharge. The
perceived benefits of this design included fewer cells
and TES capsules and improved thermal uniformity in a

passive design that utilized a simple non-evacuated ther-
mal enclosure. The end result was a battery design that
offered lower cost and no maintenance over a 5-yr war-
ranted life.

For any near-term demonstrations, the reality of cell
production capability was such that only the smaller
Mk4 cells would be available. On this basis, SPI con-
centrated on a BES system design utilizing these smaller
cells. Figure 5-9 is a cutaway view of the 75-kWh bat-
tery pack proposed for the NaS-PaC BES system. It is
composed of 12 series banks of 80 parallel 5-cell series
strings, arranged as shown in the planforrn view in Fig-
ure 5-10. The battery capacity was derated by 22?40to
allow cells to fail over time without creating a need to
replace the batteries.

The 1-hr NaS-PaCBES system design is composed
of a 300-kW PCS, either line-commutated or self-com-
mutated, depending on the requirements of the applica-
tion, four 75-kWh battery packs, a support structure for
the batteries, and electrical control and interface equip-
ment. Figure 5-11 depicts this system with a door open
for battery access. The entire system weight is
16,300 lb (7400 kg) and measures 90 in. H x 84 in. W x

112 in. L (2.3 m x 2.1 m x 2.8 m). Battery packs are
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Figure 5-9. Cutaway View of a 75-kWh Battery Pack Design for the NaS-PaC System

.—-. L.-. ~.. —..—–

Figure 5-10. Plan View of the 75-kWh Battery Pack Design
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F@re 5-12. NaS-Pac Battery Structural Support Design
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inserted and replaced with a fork lift. The steel struc-
ture, shown in Figure 5-12, was designed to facilitate
this operation. Detailed engineering drawings were pro-
duced and sent out for quotations to support the system
cost development and weight tally.

The opposite side of the unit, shown in Figure 5-13,
houses the electrical and electronic equipment. This
includes the power cabling for battery interconnection
and connection to/from the PCS, manual switches for
isolating each of the batteries, and a BMS and its associ-
ated interface boxes. The BMS is responsible for main-
taining battery temperature and for providing status sig-
nals to the PCS for charge/discharge. It also retains a
record of battery operation for diagnostic downloading.
The DC and AC switchgear were included as part of the
PCS specification. A multiplexed version of the BMS
delivered to SNL is expected to provide control to each
of the four batteries supplied as part of the 1-hr system.

Recently, Silent Power’s parent organization made a
strategic decision to concentrate its resources on the
manufacture of a new high-power cell, driven princi-
pally by the need for improved EV acceleration. As part
of this focus, the decision was made to close the Clifton
pilot plant that produced the Mk4 cell. SPI decided to
piggyback the NaS-Pw UES batte~ design on the

emerging EV market and thereby increase demand for
the product and more quickly reduce cost. By utilizing
standard 40-kWh EV batteries as a buildhg block, an
effective NaS-PaC BES system could be designed that
would meet the needs of UES markets by the year 2000.

In addition to having a more powerful battery avail-
able, a number of significant benefits can be reaiized,
starting with access to a complete battery detailed man-
ufacturing cost study. In stationary applications, there is
an opportunity to reduce the cost further by allocating
one BMS to the control of several batteries. The para-
sitic loss from maintaining temperature for an EV
battery can be considerably lower in the stationary
application, since battery plan areas in a stacked array
experience little heat loss. Finally, these batteries have
their own cooling system to handle periods of sustained
hill climb, etc., which can serve as a design basis for
sustained power capabilities in UES applications.

For the l-hr NaS-PaC BES system design, 10 EV
batteries will be utilized, connected 2 series x 5 parallel.
The operating voltage window extends from 800 VDC
at the top of charge to 640 VDC to the end of discharge.
The actual voltage, however, is amenable to the needs of
the PCS, but the voltage window is fixed by the battery
characteristics. In Figure 5-14, consideration was given

Figure 5-13. Electrical/Electronic Compartment of the NaS-PaC System
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Figure 5-14. Battery System Performance Degradation with Cell Failures

to the influence of cell failures on battery performance
as a function of number of EV batteries utilized in a
300-kW NaS-PaC design. In general, l-hr, l/2-hr, and
15-min ratings can be developed using 10, 8, and 6 EV
batteries, respectively. Capacity utilization, however,
diminishes with applications below 1 hr. The only solu-
tion to extending discharge in these cases is to develop a
more effective cooling system. While this is a worth-
while goal, for the time being only the l-hr system is
being pursued under this contract.

A preliminary support structure for the 10 EV
batteries is shown in Figure 5-15. To distribute the

weight more evenly, battery stacks are staggered in each
of two rows behind the PCS envelope. The alcoves cre-
ated in the staggered configuration become useful space
for mounting the electrical and electronic equipment.
The overall length of this new design is actually 16910
less than the original design.

Preliminary system cost, given in ($/kW), is sum-
marized in Table 5-3 as a function of market size. The
PCS portion of these costs was received from quotations
based on integrated gate bipolar resistor (IGBT)
switched line-commutated products meeting IEEE-5 19
with a few enhancements.
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Figure 5-15. Preliminary Layout of EV Batteries Incorporated into the NaS-PaC Modular System

Table 5-3. Estimated Sodium/Sulfur System Cost

EWUES Market Duration (hr) # Battery Packs Price ($/kW)

Near Term 1 10 630

2 20 1030

Mature 1 10 428

2 20 672
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6. System Integration

The System Integration element is aimed at devel-
oping totally integrated BES systems. The objective is
to develop several battery system designs that can meet
the various application requirements in the utility oper-
ating environment. A modular system design approach
is being promoted in all the UBS system engineering
and system integration activities to reduce production
costs as well as one-of-a-kind engineering and design
costs. Omnion Power Engineering is under contract to
develop the AC Battery. PG&E is the host utility to
field-test the first AC Battery prototype container.

AC Battery Development-
Omnion

The AC Battery is a patented, modular battery
system concept proposed by Omnion Power Engineer-
ing. The concept embodies several of the design fea-
tures that are desirable for utility operations. It offers
redundancy at several levels, ease of maintenance, port-
ability, and unattended remote operation. It also relies
on mass-manufacturing production techniques to realize
the maximum potential for reducing the cost of battery
energy systems. Upon completion of a successful
development phase, the AC Battery will be able to meet
application requirements in the 250-kW to 3-MW size
range.

In its present operational form, the AC Battery is a
250-kW/167-kWh BES system packaged in a factory-
integrated container. Each container houses up to eight
“modules” that contain the batteries as well as an on-
board power conversion system. This enables the mod-
ules to accept AC power and convert it to DC to charge
the batteries. In the discharge mode, the DC output of
the batteries is converted to AC power that is aggregated
from all the modules to equal the rated power capacity
of the container.

At present, the AC Battery is a fully functional
demonstration prototype undergoing testing at the
PG&E Company Modular Generation Test Facility in
San Rarnon, California. Characterization testing is
scheduled for completion during the first quarter of
IW94. Following characterization testing, the AC Bat-
tery will continue to be tested in daily operational cycles
to determine the end of life (EOL) for the batteries.
EOL has been defined as the condition in which the AC
Battery container can no longer deliver power to 80%

DOD without shutting down, due to reaching the mod-
ule minimum string voltage of 504 VDC for any mod-
ule. Testing with the present set of batteries is expected
to be completed during the third or fourth quarter of
FY94. After the EOL point has been identified, the unit
will continue to be tested to determine the behavior of
battery strings beyond their useful life. After comple-
tion of all currently planned testing with the present set
of batteries, options for follow-on testing of other bat-
tery sets will be considered.

Tasks/Milestones

A follow-on contract was issued to Omnion early in
1994 to perform the following tasks that were not com-
pleted under the original AC Battery contract:

1.

2.

3.

A

Production Cost Estimate – A study to estimate
the cost of producing the commercial design of
the AC Battery assuming various rates of pro-
duction. Identify changes in design that might
be necessary for economic manufacturability at
higher production rates.

Final Report for AC Battery Development –
Report on the design and development activities
that led to the completion of the AC Battery
project.

AC Battery Module – Assemble, test, and
deliver one stand-alone AC Battery Module for
testing at SNL.

new contract was also placed with Omnion in
FY94 to modify an AC Battery Module to operate either
as a voltage source in a stand-alone environment or as a
current source in a peak-shaving environment. Controls
will be developed to allow seamless transition among
utility power sources in a hybrid configuration consist-
ing of a photovoltaic array, a diesel generator, and the
AC Battery module.

FY94 Milestones:

● Deliver AC Battery to PG&E (10/93) – com-
pleted

● Deliver AC Battery module to SNL (11/93)
[because of lack of funding, not completed on
original contract; milestone rescheduled to
FY95 in accordance with new contract]
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● Deliver modified AC Battery module to SNL for
PV/Hybrid demonstration (5/94) [rescheduled to
FY95 because of delay in contract placement]

Status

This has been an especially chaotic year for system
integration activities in utility scale battery systems and
related projects. The year began with the successful
completion of the AC Battery Prototype unit and deliv-
ery of the system to PG&E in October 1993. After the
typical startup difficulties related to fielding new equip-
ment and getting prototypes operational, the AC Battery
Prototype began characterization testing in December
1993. A contract was placed with Omnion to provide
field engineering and maintenance support for the
PG&E testing activities. Dave Porter and Roger Troyer
made several trips to PG&E to correct AC Battery sys-
tem deficiencies discovered early in the testing program.
The Test Team expected to find some deficiencies as the
unit was moved to PG&E following an incomplete fac-
tory testing program. The nature of the problems dis-
covered at PG&E were such that they would have been
discovered and corrected at the factory if the factory test
program had been allowed to continue to its planned
completion. However, because of the importance of
getting this first-of-its-kind, transportable utility scale
battery into the field for testing, the SNL project man-
ager, Garth Corey, opted to curtail factory testing and
have the system shakedown testing completed at PG&E.

As characterization testing neared completion,
Module 6 behavior became very erratic and unreliable;
all other modules were performing per specifications.
The Test Team decided to replace Module 6 with a spare
module (SNL Module #1) which was available at
Omnion. The swap-out of the module would also pro-
vide proof-of-concept for the field maintainability of the
AC Battery Container. The swap-out was completed
without incident and the bad Module 6 was returned to
Omnion for diagnostics. The container was restarted
immediately after the swap-out and resumed operation
with no further problems. Characterization testing was
completed in March 1994, and life testing began imme-
diately using a PG&E-developed discharge profile. Life
testing continued until mid-June, when many batteries
and most modules were beginning to show mild to
severe EOL symptoms.

Whh the container batteries rapidly nearing end-of-
Iife, a meeting of the AC Battery Test Team was held at
PG&E in mid-June to address the future of the AC
Battery Prototype testing program. Because of the prob-
lems encountered during characterization testing, the
batteries were exposed to many abusive situations and,

in addition, were chronically undercharged because of
flaws in the charging algorithm that were not discovered
until after the unit entered the life testing phase. At the
meeting, AC Delco proposed to retrofit the container
with a complete set of AC Delco AES 2010 batteries.
The purpose of the retrofit was to install an improved
battery, the battery slated for the production versions of
the AC Battery, and to acquire life data on the produc-
tion configuration of the AC Battery. The AC Battery
testing shutdown was scheduled to take place in late
July or sooner if the container was unable to continue
cycling because of battery failures.

After completing a total of nearly 100 deep dis-
charge cycles during characterization and life testing,
the AC Battery prototype ceased testing operations on
August 8, 1994. Following shutdown, the modules were
removed from the container and shipped to the AC
Delco Systems plant in Indianapolis, Indiana for
removal of the spent batteries and replacement with AC
Delco AES 2010 batteries. All retrofit and factory test-
ing operations are scheduled for completion in early
January 1995. Following the retrofit and final checkout,
the modules will be shipped back to PG&E in mid-Feb-
ruary for reinstallation in the container. Life cycle test-
ing of the new set of AES 2010 batteries is scheduled to
begin in mid-March 1995.

Work continued on the AC Battery follow-on con-
tract tasks which include a production cost estimate and
the final report for the AC Battery development pro-
gram. This effort is expected to be completed in the sec-
ond quarter FY95 with the delivery of the Production
Cost Estimate Report and Final AC Battery Develop-
ment Report.

Tasks related to the delivery of the two SNL AC
Battery Modules evolved into two separate projects as
needs were identified during the year. The first AC
Battery Module project was to convert one of the mod-
ules to operate as a voltage source in a stand-alone
hybrid environment. Discussion of this project can be
found in the AC Battery Module Modification for the
Hybrid Development Project section of this report. The
second AC Battery Module was earmarked for use at the
Center for Renewable Energy Sustainable Technology
(CREST) project sponsored by the Solar Energy
Research and Education Foundation. Plans are under-
way to design an environmentally sound, transparent
enclosure in which to place the module for public view
and operation in the CREST building currently undergo- ,
ing renovation in Washington, DC. The purpose of the
CREST facility is to provide information and hands-on
demonstrations of renewable and storage technologies
to inform and educate government officials and the gen-
eral public on the benefits of these technologies.
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AC Battery Module Modification
for the Hybrid Development
Project - Omnion

Tasks

Under a project jointly sponsored by SNL’SStorage
Batteries and the Photovoltaic Systems Departments, a
contract was placed during the second quarter of FY94
with Omnion Power Engineering Corporation of East
Troy, Wisconsin, to design and develop a hybrid power
conditioning system and related controls that would pro-
vide seamless transfer among various power sources
available to the unit. Although the system was to be
designed around a stacked lead-acid battery storage
source, a photovoltaic (PV) source, and a diesel genera-
tor source, the controls were to be designed to be
generic in nature, allowing different battery types to be
used as storage sources and various renewable such as
wind turbines and PV arrays to be used to provide
power to the hybrid system. A primary goal for the
design is to enable power to be selected and switched
among the sources with no effect on the load. In other
words, the load would not be subject to power fluctua-
tions during the selection and switching process. The
successful completion of the development of the hybrid
system is expected to. lead to the development of a
“smart controller” that will evaluate the operational
environment and make decisions as to the most efficient
source of power on the basis of the status of the various
power sources. The ultimate goal of the development
effort will be to provide a turnkey control solution for
future off-grid power systems.

Status

On April 21, 1994, Russell Bonn (Dept. 6218) and
Garth Corey (Dept. 2225), both of SNL, and Hans
Meyer, Dave Porter, and Bob Schneider of Omnion con-
ducted a preliminary design review for the Hybrid
Development Project. At this meeting, the design speci-
fication (Omnion Document #900734) and project
schedule were reviewed. A decision was made to devi-
ate from the standard AC Battery Module structure so
that a more efficient topology could be applied. A final
design was selected that will provide a fully enclosed
cabinet containing all the power electronics and controls
with interfaces to the various sources available external
to the cabinet. The power conversion system will pro-
vide the capability of producing up to 31 kW of continu-
ous power as a voltage source with power provided by
either a storage source or a renewable source. In addi-

tion, the power conversion system will have the capabil-
ity to operate as a current source to act as a peak-shav-
ing device in the event the diesel generator is unable to
support the total operational load. An RS-232 commu-
nications channel will be provided to allow external
commands from the system operator to be processed
and to give the system the ability to provide the control
functions necessary to switch the system seamlessly
among the power sources as requested by the operator.

In June 1994, a critical design review was held at
Omnion to review the final design of, the hybrid control
system. The purpose of the meeting was to review the
system design with the intent of releasing the design to
fabrication. Several design changes were proposed,
reviewed, and accepted, and the design was released to
fabrication. In the original design, the photovoltaic
array was to share the high voltage DC bus with the
storage system. Because of the potential to overcharge
the batteries when the PV array was supporting the load,
the design was modified to insert DC-DC conversion on
the input side of the PV system to manage the voltage
level on the shared DC bus. DC voltages would then be
maintained so that the batteries would not be subjected
to DC voltage levels that could overcharge the battery
string.

Near the end of FY94, the first seamless power
transfer was observed during witness testing of the
breadboard design at Omnion. Various loads were
applied and the unit was commanded to switch between
the diesel generator and the storage system. A typical
operational scenario and switching test sequence is as
follows:

●

●

●

●

●

●

PV off-line and diesel generator off-line and
shut down.

Battery storage system providing 20 kW power
to the load as a voltage source.

System commanded to go to the diesel genera-
tion mode.

Diesel generator started by the control system.

Conversion by the power conversion system
establishes frequency synchronization with the
diesel generator.

Control by the power conversion system trans-
fers load to the diesel generator and then shuts
down as a voltage source.

At this point, the battery storage unit could be placed on
charge and the diesel would charge the system and also
support the load until the battery string was fully
recharged. At that point the above scenario could be
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reversed, that is, the operator would issue a command to
the system for the battery storage system to assume the
load and the system would seamlessly activate the
power conditioning system for the storage system and
shut down the diesel generator.

Many different switching scenarios were tested at
various load levels using a PV simulation source, a
battery storage unit, and a diesel generator. There were
no voltage waveform aberrations noted during the
switching activity going either from or to the various

power sources. Additional testing is planned using a
variety of load scenarios to determine the system perfor-
mance to be expected when the system is used in a
highly reactive (capacitive or inductive) environment.

Delivery of the system to SNL is expected late in
the first quarter FY95. Comprehensive field testing of
the completed hybrid system is scheduled to be per-
formed at the Photovoltaic Systems Evaluation Labora-
tory at SNL starting during the second quarter FY95.
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7. System Field Evaluation

In the System Field Evaluation element, the qualifi-
cation of hardware incorporating the prototype design
and associated manufacturing methods represents the
final step of engineering development. The process
involves the characterization of performance, mainte-
nance requirements, and reliability of integrated systems
at relevant utility sites. Two key activities have been
initiated in this program element and their progress is
reported here.

PG&E - Testing of AC Battery

In FY93, a cost-shared contract was placed by San-
dia with PG&E of San Ramon, California to test the AC
Battery prototype being developed by Omnion Power
Engineering Corporation. The PG&E MGTF is a
unique test facility, owned and operated by PG&E,
where pre-commercial prototypes of various utility
equipment can be tested in a controlled environment
under simulated utility operating condhions. The
MGTF provides an ideal test facility in which to test the
AC Battery prototype.

Under the scope of the SNL contract, PG&E devel-
oped a test plan for the AC Battery prototype for various
operating modes. PG&E also developed a control inter-
face to operate the AC Battery using the same communi-
cations protocol as used in other PG&E system control
environments. In addition to purely operational testing,
PG&E also evaluated the maintainability of the system
under simulated field conditions.

Tasks/Milestones

Tasks for PG&E AC Battery Field Testing and
Evaluation are as follows:

1. System Startup - Install the AC Battery on the
MGTF test pad, connect to the MGTF grid
system, perform safety and operational tests, and
prepare the AC Battery for characterization test-
ing.

2. Characterization Testing – Prepare an AC Bat-
tery Test Plan for review and approval by the AC
Batlery Test Team. Perform all tests as specified
by the PG&E AC Battery Test Plan. Analyze
test dati, prepare and publish a report on the
results of the characterization test program.

3. Life Testing - After completion of characteriza-
tion testing, continue to cycle the AC Battery
through typical utility-type discharge/charge
applications until it can no longer meet the 8070
DOD specification before modules go off-line as
they reach specified minimum DC levels for the
module strings.

Status

In the first quarter of FY94, following an unevent-
ful truck transport from East Troy, Wkconsin to the San
Francisco Bay Area in California, the AC Battery proto-
type was delivered to the PG&E MGTF in San Ramon.
Off-1oading from the truck and installation at the MGTF
was completed in one day. Following initial installa-
tion, several days were dedicated to performing a series
of safety and operational checks prior to powering the
AC Battery up for the first time in a field environment.
In early November, the system completed the initial
checkout phase and was connected to the MGTF grid to
begin characterization testing.

, Characterization testing began with a baseline
benchmark capacity test to determine the test program
startup capacity and to compare the results to an identi-
cal test conducted at the factory prior to shlprnent. The
system exhibited slightly higher capacity than the final
factory test. This was a very important test as the life
performance of the system is to be based on the system
capacity as defined in this test. The system delivered
167 kW for 1 hr, 13 rein; specifications require the sys-
tem to deliver 167 kW for 1 hr to meet requirements.
Characterization testing continued with the goal of
proving the functionality of the AC Batlery in an opera-
tional environment. Tests were performed to determine
the range of operations the AC Battery could support
from VAR compensation to islanding management. In
all cases, the AC Battery met or exceeded the design
specification for the system. A document has been pre-
pared by PG&E reporting on all aspects of the AC
Battery prototype characterization testing program.
This PG&E report will be available during the second
quarter of FY95.

A key activity of the testing program was to vali-
date the maintainability of the AC Battery in the field
environment. Early in the testing program, evaluation
of the test data indicated that two batteries in one mod-
ule may have failed. To evaluate field maintenance con-
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cepts, the faulty module was removed, unstacked, and
two faulty batteries were identified and replaced (an
additional battery, a control, was also removed for com-
parison). The module was reassembled, tested, and
reinserted into the AC Battery container, where it
resumed operation; the testing program then continued.
The total time that the AC Battery was off-line was less
than 4 hr, proving one aspect of the field maintainability
concept for the system.

As characterization testing progressed, Module 6
began to exhibit erratic behavior and a marked degrada-
tion in capacity. A meeting of the Test Team resulted in
the decision to replace the erratic module with a par-
tially assembled Sandia spare module that was in tem-
porary storage at Omnion and available as a replace-
ment unit. Final assembly of the spare module was
performed at Omnion, a successful preshipment check-
out was conducted, and the spare module was shipped to
PG&E ready for immediate installation. During the
week of April 25, 1994, the unit was received by PG&E
and readied for installation. The entire module swap-
out activity required less than 4 hr, after which the con-
tainer was ready to power up. Prior to putting the unit
back on the MGTF grid, a number of safety checks were
successfully completed, and the container was restored
to operational status. During the first test sequence, the
new Module 6 exhibited none of the old symptoms of
the old Module 6, and PTA indicated a substantial
increase in capacity for the module, as would be
expected for a new module.

Several conclusions may be drawn from the infor-
mation obtained through this exercise. First, the ease of
execution of field maintenance operations was proven in
that a replacement module was transported to the site,
off-loaded, and swapped with the defective unit, and the
AC Battery was restored to full operations in less than
half a day. The modular design for the system was
responsible for the ease in which this operation was
planned and executed.

Several system operations problems were identified
and solved during characterization testing with the help
of engineering staff support from Omnion. Throughout
the characterization testing program, the Test Team was
very active in evaluating system performance and mak-
ing recommendations to the Omnion engineering team,
who were very effective in implementing fixes to solve
operational problems. Characterization testing was
completed in late March 1994.

Life cycle testing began immediately following the
module swap-out and was scheduled to continue until

the AC Battery exhibited end-of-life symptoms. End of
life would be reached when the AC Battery could no
longer deliver 80% of rated capacity. At the end of the
characterization testing phase and as the system entered
life cycle testing, PG&E, Omnion, and Delco Remy
analysts noted that the overall system exhibited a signif-
icant degradation in energy capacity. Batteries removed
from Module 6 exhibited a substantial stratification and
sulfating characteristic, indicating that the batteries had
been severely undercharged during their operational life
in Module 6. Delco Remy battery engineers determined
that, because of the operation of the charging algorithm,
the entire system had been exposed to a chronic under-
charged condition. A meeting of the Test Team was held
at PG&E on June 14, 1994, to assess the situation and
make recommendations as to how to proceed with the
testing program. After several hours of very productive,
open discussions, the Test Team made several conclu-.
sions and recommendations. The Test Team recom-
mended that testing of the current battery set continue so
that as much data as possible on the failure mode of bat-
tery strings could be gathered as the batteries and strings
began to fail in the operational environment. A further
Test Team recommendation was to remove all the Delco
2000 batteries from the system, replace them with AES
2010s, and proceed with life testing for the system so
that the life-cycle test outcome would be based on the
results from testing the actual battery type that is to be
used in the production version of the AC Battery. Delco
Remy agreed to replace the battery set with the new bat-
teries as soon as the AC Battery unit was taken off test-
ing.

In an attempt to select the most meaningful test ter-
mination point, criteria were established that would
define the situation in which the unit would be shut
down for retrofit of the new battery set. It was deter-
mined that, when the container could no longer deliver
167 kW for 1 hr, or on July 31, 1994, the system would
be shut down for retrofit. Testing of the AC Battery pro-
totype ended on August 8, 1994, and the modules were
prepared for shipment to the AC Delco Systems facili-
ties in Indianapolis, Indiana.

During the retrofit period, several minor modifica-
tions were scheduled for the system, but the consensus
of the Test Team was to make only minimal changes to
avoid troubleshooting when the system resumed testing
with the life-cycle test program. Retrofit, including
module checkout at the AC Delco plant, was expected to
take up to six months to complete. Testing is scheduled
to resume in the second quarter of FY95.
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Special Evaluation at SNL-
PREPA/C&D Lead-Acid Battery

‘ Task/Milestone

Testing of the 12 C&D Charter Power Systems, Inc.
(C&D) flooded lead-acid cells of the same type that
PREPA is installing in its 20-MW BES system is now
complete. This PREPA facility contains 6000 of these
cells configured in six parallel strings. Each cell has a
nominal 2000-Ah capacity. The BES system will be
used to provide frequency regulation and spinning
reserve for the PREPA system. The main objective of
the tests at SNL is to assess the thermal load that will be
imposed on the battery facility during normal operation
of the BES system. If the results indicate that the cool-
ing system has been undersized, then adjustments can be
made before operation of the facility begins.

FY94 Milestone:

“ Complete PREPA battery thermal tests (12/93) -
completed

Status

This test program
part of the fiscal year.

was completed during the first
Activity during the first quarter

focused on repeating some of the battery cycling experi-
ments where the portion of the cycle representing a
spinning reserve discharge failed to run as long as
requested at the full power levels selected. This behav-
ior was believed to be related to the high ambient tem-
peratures experienced during the summer in the labora-
tory used to house the battery cycler. Outdoor
temperatures had cooled enough by the start of FY94
that thermal data could again be recorded for UES
cycles running at full power all the way through. Sev-
eral experiments were also carried out in the first quarter
using higher battery power levels during the frequency
regulation part of the cycle to determine if a higher tur-
noverrate of the battery capacity would result in a notice-
ably higher thermal power being given off by the cells.
During the second quarter, the final experiments at the
higher turnover rate were completed and the simulations
of the thermal behavior of the battery at the Puerto Rico
facility were finalized. Measurements of the battery
capacity and the cell dimensions were also obtained at
the conclusion of the test program.

A replicate UES test starting at 37.8°C (100”F) was
run at the end of FY93 because of experimental difficul-
ties in one of the earlier trials at these same conditions.
When the data from this repeat experiment were

inspected, it was found that the spinning reserve part of
the cycle had run all the way through, suggesting that
ambient temperatures had dropped enough by that time
for our test equipment to run the complete cycle at the
power levels selected. After the success of the test start-
ing at 37.8°C, the only one of the three starting condi-
tions where thermal data had not been recorded for a full
power spinning reserve discharge was 32.2°C (90”F).
The chamber temperature was therefore lowered to
32.2°C to collect thermal data on one more UES cycle at
that temperature. This cycle could also be used as a
baseline for thermal measurements made with the bat-
tery running at a higher capacity turnover rate. The
duplicate test ran normally, including the spinning
reserve portion. Battery electrolyte temperature rose
from an average of 32. 1°C (89.8”F) to a maximum of
37.9°C (1OO.2”F) during frequency regulation and
increased to 39.3°C (102.8”F) during the spinning
reserve discharge. These upper level temperatures were
slightly cooler than the values found in earlier experi-
ments beginning at 32.2”C, probably due to the cooler
laboratory air being pulled into the chamber.

All of the UES cycles run up to this point were done
with battery power levels chosen near to values that
were derived from an analysis of PREPA operating data
by United Engineers and Constructors (now Raytheon
Engineers and Constructors). These power settings
produce over 24 hr a capacity turnover of 2.55 times the
rated battery capacity. It was believed by PREPA that
some possibility exists that slightly higher turnover rates
could be observed occasionally during actual operation
of the BES facility, so a few UES cycles were carried
out at a turnover of 3.0 to determine if this would have a
significant effect on the thermal load. Table 7-1 com-
pares the original and the adjusted power levels that
were used for this test. Only the two lower power set-
tings were increased because the high-level recharge
power was already limited by the rate at which the bat-
tery could be recharged near the top of the 72-92% state-
of-charge window used to run frequency regulation in
these tests. Since the high level recharge power could
not be increased, the high Ievel discharge power was
also left the same in order to not further shorten the time
between intermediate charge sessions. Two UES tests
were run using these operating parameters and a nomi-
nal starting temperature of 32.2°C. The first trial began
at 3 1.4°C (88.6”F), and in that trial the battery electro-
lyte reached a maximum of 37.0°C (98.6”F) during fre-
quency regulation. The peak electrolyte temperature
during the spinning reserve test was 39.7°C (103.4”F). “
These values are comparable to those in the preceding
test at the lower turnover rate. The second high-turn-
over test began at an average 3 1.8°C (89.2”F), reached a
maximum of 37.3°C (99. 1°F) in one cell during fre-
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Table 7-1. Battery Power Settings for Frequency Regulation during a UES Cycle

Original Power (kW) Adjusted Power (kW)

Frequency Shift Charge Discharge Charge Discharge

High 18.2 20 18.2 20

Medium 12 12 14.5 14.5

Low 4 4 5 5

Turnover Rate 2.55 3.03

quency regulation, and peaked at 39.8°C (103.6”F) in
two cells during the spinning reserve part of the test.
These results essentially duplicated the first higher-rate
experiment.

For all of the tests during this fiscal year, the ther-
mocouples in the test chamber were left in the same
positions that they had been placed in for the final UES
trial run at 37.8°C that was done at the end of FY93. In
that experiment, some of the thermocouples that had
been on the exterior of the battery were moved to the
chamber walls and the exhaust vent line. The purpose
of this move was to verify that the intenor wall tempera-
ture in the chamber was fairly uniform and to see if the
measurement of the exit air temperature that was being
used in the data analysis was really a maximum value.
During the latest UES cycles, the three interior wall
temperatures were very close together most of the time,
showing that the battery is radiating heat to a fairly uni-
form surface. The original thermocouple measuring the
temperature of the exit air just before the exhaust fan
consistently read slightly warmer temperatures than a
second thermocouple placed downstream in the duct.
Therefore there has been no indication that the location
of the exit air temperature measurement should be
moved.

In order to further verify the relative uniformity of
the temperature of the surfaces in this experiment, an
infrared camera was used to make a visual record of the
interior chamber walls and the battery while a UES fre-
quency regulation cycle was running with the heating
panels set for a 32.2°C initial operating condition. A
nonreflective, black paint was applied on some areas to
reduce the reflected thermal image of the heating panels
for this record. This investigation allowed a more

. detailed examination of the intenor wall temperature
variation to be made, and, again, the results indicated a

very uniform condition. The surface of the battery was
also relatively homogeneous in temperature, typically
only varying by 3-4°C over one of the large sides of a
cell. It was noted that the ends of the battery were a few
degrees cooler than the sides facing the heating panels.
This correlates with the lower electrolyte temperatures
for the end cells in the battery stack. The end of the
stack also more prominently showed a slightly warmer
band at the top of the cells, above the level of the elec-
trolyte. This difference was only on the order of l-2°C.
A videotape has been made that shows these results.

As discussed in the annual report for N93, electri-
cal capacity measurements on the battery have dropped
slightly from the maximum values found just before the
start of the thermal measurements. One possible reason
for this slight capacity drop was that the battery needed
to be equalized, although the voltage spread among the
cells at the end of a refreshing charge procedure was still
within the +JO mV specified by the manufacturer.
Because an equalization had not been carried out since
the beginning of the thermal testing, it was decided to
perform this procedure at the end of the first quarter,
before a two-week break in testing at the end of the year.
The string voltage was set at 28.7 V (2.39 vpc) for the
equalization. After a charging period of 48 br, there was
a spread of 66 mV in the individual celI voltages and
one cell (number 7) was still 48 mV below the string
average at that point. Although this voltage spread was
greater than after the original battery equalization,
charging was terminated because of the long time period
already spent and the fact that the voltage for cell 7 did
meet the manufacturer’s specification of being within
50 mV of the string average. Cell 7 has been among the
lowest in voltage during recent refreshing charges, but
had not been singled out on the basis of its performance
before.
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Two UES experiments starting at ambient tempera-
ture were run at the beginning of the second quarter.
The purpose of this was twofold: we wanted to cycle
the battery a few times after the equalization before
remeasuring the capacity, and, also, we wanted to see if
the effect of a higher turnover rate on heat generation by
the battery might be more apparent under conditions
where the heater panels were off. Part of the heat that
must be rejected by the battery comes from the heater
panels, and a small increase in the internal heat genera-
tion could be hidden by a larger amount of heat from the
panels at higher chamber temperatures. The two exper-
iments ran normally with a complete spinning reserve
test at full power in both trials. The first experiment
started with the battery relatively cool, since no activity
had occurred at the test facility for approximately two
weeks at the end of 1993. The second UES cycle was
started immediately after the completion of the refresh-
ing charge for the first one so that the battery was
already hot. No ramp up to the equilibrium operating
temperature during frequency regulation was observed
in that case. The first UES cycle began at an average
battery electrolyte temperature of 19.8°C (67.7”F) and
reached a maximum of 33.3°C (92.O”F) during fre-
quency regulation. The maximum temperature during
the spinning reserve test was 35.8°C (96.4”F). In the
second trial, the average starting electrolyte temperature
was 32.1‘C (89.8”F) and the battery actually cooled
slightly at the beginning-of the test. The maximum level
temperature during frequency regulation was 33.2°C
(91 .8”F), and the maximum during the spinning reserve
discharge was 35.7°C (96.3°F). These values repro-
duced those in the first run quite well and are slightly
higher than the 29.6 to 30.4°C maximum temperatures
observed during frequency regulation in earlier ambient
temperature tests at a lower turnover rate.

A standard, constant-current capacity test (800-A,
21-V cutoff for the string) was carried out to determine
whether any battery capacity had been recovered by
equalizing at the end of the first quarter. The measured
capacity, corrected to 25°C, was 2033 Ah. This was
lower than the last determination before the battery was
equalized (-2200 Ah) and was also slightly less than the
lowest value found previously for this system, which
was 2073 Ah (average of results from two discharges).
A review of the individual cell voltage data recorded
during the capacity test revealed that the voltage of cell
number 3 had declined to 0.94 V when the discharge
was terminated. The average voltage of the other
11 cells in the string was still 1.81 V at that point.
Shortly after the capacity test was completed, it was
discovered that the air line to cell 3 was disconnected so

“ that the electrolyte in that cell was not being mixed.
This was also probably true during the capacity test.

Measurements of sulfuric acid density showed that the
electrolyte in cell 3 was stratified and this is almost cer-
tainly responsible for its apparent low capacity in the
test. The capacity test was not repeated after the air line
was reattached, but if the voltage of cell 3 had remained
similar to the others in the string, it is estimated that an
additional 10-15 min of discharge would have been
obtained. This would have increased the capacity of the
string to about 2200 Ah, and indicates that the recent
equalization probably did not increase the overall bat-
tery capacity very much.

Dimensional measurements of the cells were also
repeated at this time to compare with the dimensions
that were found at the start of the thermal property
experiments. Cell widths were recorded both parallel
and perpendicular to the battery plates at several heights
on the jars. All of these values were identical with the
original ones, indicating there was no observable bulg-
ing of the battery jars. There has also been no observ-
able shedding of active material from the plates to the
bottom of the cells.

The same variable heat sink formulation of the ther-
mal model that was used for the rest of the data was
applied to these more recent data sets. During the fre-
quency regulation part of the test, the battery is assumed
to be generating heat at a cons&nt rate. This is reason-
able, in spite of the rapid cycling of the battery between
charge and discharge in this mode of operation, because
of the long thermal time constant of the cells. The
assumption of a constant heat generation rate is not
valid during the spinning reserve discharge while the
current is ramping Iineady down to zero. For that por-
tion of the test, the heat generation rate is calculated
from the square of the battery current times a constant
electrical resistance parameter. The derived thermal
powers, electrical resistances, and heat transfer coeffi-
cients for the battery can be combined with known air
flow rates to predict the thermal response of the battery
in the Puerto Rico facility.

Two fitting parameters are used for the frequency
regulation portion of the data. The first (A/B) is the
thermal time constant of the cells and the second (Q/13)
is the steady-state temperature difference between the
cells and the heat sink temperature. In the past, the
numerical optimization routine used could easily deter-
mine the thermal time constant from the data and the
same was true for all but one of these data sets. The
value found for A/B was on the order of 8 hr, in agree-
ment with results from earlier experiments. However,
when the same procedure was tried on the last data set,
where the batteries were in a preheated condition, unre-
alistic time constants were typically obtained. This data
set was the only one that failed to give reasonable time

7. SYSTEM FIEW EVALUATION 7-5



constants. While it is possible that another factor such
as a larger amount of noise in the data could have been
responsible for this behavior, this experiment is unique
in beginning from a completely preheated condition.
For this one case, the time constant was fixed at 8 hr,
and the normal optimization routine was used to find the
corresponding temperature difference.

Table 7-2 lists the parameters obtained from fitting
the frequency regulation part of all of the UES cycles
that were run. These values have been converted to heat
transfer coefficients, h, and thermal powers, Q, in Table
7-3 by using the physical properties of the cells. Some
improved agreement between results for tests carried
out under similar conditions has been obtained by
removing early time data that were incorrectly included
in the prior analysis, but differences still remain. How-
ever, the matches are good enough that only average
values are shown in Tables 7-2 and 7-3. At least two
data sets were collected for all conditions. The general
trends noted in earlier reports have continued. Heat
transfer coefficients were larger for the end cells in the
battery array since they can reject heat more easily to
the environment. All of the cells were generating
approximately 20 W of thermal power during frequency
regulation. The results at higher temperatures were
more scattered, so it is not clear in those cases whether
the thermal power generated was exactly the same each
time; the averages, however, were very similar. Two
tests run with the battery off showed that the cells
picked up heat from the chamber heaters being used to
create the 32.2 or 37.8°C environment. This increased

the apparent thermal power rejected by the battery when
it was cycled at those temperatures, but when the ther-
mal power was corrected for this factor, all tests at the
2.55 turnover rate showed a consistent heat generation
rate, as expected. The values in Table 7-3 have not been
corrected for the heater power. Experiments carried out
at the higher turnover rate of 3.0 did not give a signifi-
cantly larger Q.

Spinning reserve data from the recent tests were
also fit to the same model. A battery resistance was
obtained from the second fit parameter (Q/B). In this
analysis, the first parameter (A/B) was always fixed at
8 hr because the duration of the spinning reserve test
was too short to determine the relatively long thermal
time constant. The reported elecrncal resistance is fairly
insensitive to the exact time constant used. Table 7-4
lists the individual cell resistances calculated from all
the data sets for the six cells that were fitted with ther-
mocouples. Previous data reduction efforts were ham-
pered so much by noise in the temperature data that only
results from averaged temperatures were reported.
Recent data have been much more consistent so that fits
of the individual cell temperature traces have been pos-
sible. However, some of the calculated resistance val-
ues from earlier spinning reserve test data are still con-
sidered less reliable because .of noise. The suspect
results are shown in Table 7-4 in boldface type and have
not been included in the averages. Most of the resis-
tances are somewhat lower than the values shown in
previous reports that were derived from averaged tem-
perature data, but they agree well with resistances calcu-

lable 7-2. Fit Parameters Obtained for PREPA Battery Thermal
Data Collected during Frequency Regulation

Test CondMons
End Cells Center Cells

T~C), Turnover
A/B, Std. Dev. (hr) O/B, Std. Dev. CC) A/B, Std. Dev. (hr) CUB, Std. Dev. (1’C)

Ambient, 2.55 6.42 (0.38) 2.80 (0.22) 7.75 (0.37) 4.32 (0.33)

32.2, 2.55 5.52 (1.29) 2.89 (0.41) 7.82 (1.40) 4.62 (0.32)

32.2, Battety Off 10.7 (2.10) 0.50 (0.16) 12.9 (0.72) 0.65 (0.19)

37.8,2.55 5.78 (0.98) 2.90 (0.69) 7.88 (1.28) 5.03 (0.49)

37.8, Battery Off 11.2 (1.76) 0.30 (3.2) 7.47 (0.31) 1.10 (0.61)

Ambient, 3.0 7.45 (0.85) 3.20 (0.23) 8.65 (0.97) 5.12 (0.65)

32.2,3.0 7.83 (1.25) 2.75 (0.15) 8.60 (1.22) 4.63 (0.68)
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Table 7-3. Reduced Thermal Data from PREPA Battery
Frequency Regulation Cycling

Test Conditions
End Ceils Center Cells

T(oC), Turnover
h, Std. Dev. (W/m*-°C) Q, Std. Dev. (W) h, Std. Dev. (W/m2-OC) Q, Std. Dev. (W)

Ambient, 2.55 6.40 (0.42) 16.8 (1.6) 5.27 (0.24) 21.0 (1.7)

32.2,2.55 7.72 (2.02) 20.5 (4.5) 5.48 (1.20) 22.9 (3.6)

32.2, Battety Off 4.47 (0.15) 2.0 (0.7) 3.27 (0.15) 1.9 (0.6)

37.8,2.55 7.27 (1.13) 19.2 (5.1) 5.28 (0.79) 25.0 (5.3)

37.8, Battery Off 3.67 (0.60) o (11.2) 5.47 (0.25) 5.3 (3.2)

Ambient, 3.0 5.55 (0.70) 16.5 (1.4) 4.77 (0.52) 22.7 (3.0)

32.2,3.0 5.33 (0.83) 13.7 (2.0) 4.87 (0.69) 20.8 (4.8)

Table 7-4. Cell Electrical Resistances Calculated from Fits
of the Spinning Reserve Thermal Data

R (Ohms x 106)
Test Temp
Date (’c) Cell 2 Cell 3 Cell 5 Cell 7 Cell 8 Cell 10 Average

5/28193

1/3/94

1/7/94

7/14193

7/21/93

7126/93

11/9/93

11/29/93

1216193

6/25/93

9/15/93

Ambient

Ambient

Ambient

32.2

32.2

32.2

32.2

32.2

32.2

37.8

37.8

110

140

110

160

120

150

120

130

120

110

110

150

150

160

230

200

170

120

130

160

150

170

150

140

120

150

170

130

130

130

130

150

130

170

130

130

190

200

170

150

150

130

190

150

130

140

100

200

220

160

140

150

140

10

130

90

150

130

190

180

170

130

140

140

130

110

133

142

125

190

193

158

132

138

137

146

133
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lated from the battery current and voltage data recorded
during frequency regulation cycling. Overall, there is
very little difference among the average values obtained
from tests starting at different chamber temperatures.
The noise in earlier data was probably responsible for a
trend in resistance with temperature that was originally
suggested.

Thermal energy balances were performed for the
frequency regulation portion of the tests. The net ther-
mal power can be calculated according to the following
equation:

Qnet = Qhcater + Qt)attery - Qair - Qcimtnt)erwat]

Ideally, if the experimental measurements are con-
sistent, the net power should be zero. However, some of
the estimates for the terms in the net thermal power
equation are only approximate. For example, it has
already been noted that the cell thermal power also con-
tains some of the heater thermal power in the elevated
temperature tests. In fact, the power balance is better in
general for the tests where the heaters were off.
Although the calculated net thermal powers were not
zero, values found were relatively small compared to the
other quantities in the equation, indicating that these
estimated powers are generally correct. The model that
has been used to analyze these data is a fairly simple one
that assumes a single time constant can be used to
describe the thermal transient of each cell in the battery.
When the variation in the local environment around
each cell and the thermal resistance within each cell are
large enough, a single time constant is probably not
completely adequate to describe the process. This was
demonstrated by analyzing a data set with and without
the initial hours of data. When this was done, the first
parameter, A/B, changed significantly while Q/B
remained nearly invariant. Any transients associated
with shorter system time constants have died away by
the time the truncated data set begins. Unfortunately,
the calculated thermal power is a function of both
parameters. This demonstrates that some of the scatter
seen in our results is due to the approximate nature of
the model. That being said, the parameters derived in
the analysis are fairly consistent and seem to have rea-
sonable values, so predictions from them should be use-
ful. A more complex model is probably not necessary at
this point, and the data needed to determine the parame-
ters are not available.

Finally, a revised prediction of the thermal response
of the Puerto Rico battery system has been made and
compared to a prediction for the 12-cell string in a test at
SNL. The same values have been used for the thermal
power produced by the battery during frequency regula-
tion as in the original prediction (20 W), and the same
heat-transfer coefficients have also been retained. How-
ever, in the spinning reserve part of the test, the Puerto
Rico current has been increased to account for the
higher battery power projected for the actual operating
condition (1867 A) compared to what could be tested for
the 12-cell sting (1400 A). The time has also been
adjusted back to the 15 min at constant power and
15-rein linear ramp to zero power that was specified for
Puerto Rico. In light of the results of the fits of the
recent data sets, the electrical resistance parameter has
been reduced to 150x 10-6ohms per cell for these simu-
lations. Figure 7-1 shows the resulting temperature
plots for both the Puerto Rico facility and the SNL tests.
The SNL spinning reserve test simulation has been left
at a 1400-A current and with segment lengths of 20 min
in order to agree with the way the tests were run in
Albuquerque. Temperatures during a 110-hr period of
operation in frequency regulation mode remain lower in
the Puerto Rico facility simulation because of the
increased airflow rate per cell. The temperature increase
during the spinning reserve discharge was greater in the
Puerto Rico case since the battery electrical power is
larger. However, because the time period is shorter and
the temperature at the start of the spinning reserve dis-
charge is lower in Puerto Rico, the maximum tempera-
ture reached was similar in the two cases. At SNL, the
maximum temperature rise predicted was 10.6°C above
ambient and at Puerto Rico the corresponding rise was
lo.l”c.

This completes the experimental thermal testing
and data analysis portion of the project. All of the
results have been shown to PREPA and C&D. There
has been interest on the part of both PREPA and SNL in
validating the predictions of the thermal model once the
Puerto Rico battery facility is completely operational.
An additional task that remains is to measure the short
circuit current on one of the cells. Such a measurement
is of interest to PREPA to verify that some of the com-
ponents in its facility have been sized correctly.
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Figure 7-1. Pti]cted Battery Temperature Rise during a UES Cycle at the Puerto RICOBES Facility and at
the SNL Testing Laboratory.
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8. Industry Outreach

The Industry Outreach element consists of focused
communication to promote interest in battery storage
systems in the private sector and to provide forums in
which ideas are shared, information is exchanged, and
cooperative projects are initiated. These forums create
opportunities to leverage limited government and
private sector resources to projects that can expedite the
early commercial introduction of battery storage
systems. The private industry coordination includes
utilities, customers, and suppliers.

Multiyear Program Plan

A multiyear program plan titled “Utility Battery
Storage Systems Program Plan - FY 1994-1998” was
completed and published in February 1994. The 46-
page, fully illustrated document examines the past and
future role of battery energy storage in the electric utility
network, the critical issues in the acceptance of this
technology by utilities, and an activity-by-activity
description of the UBS program aimed at resolving each
of these issues. Each of the five elements of the UBS
program, 1) battery systems analysis, 2) subsystems
engineering, 3) systems integration, 4) system field
evaluation, and 5) industry outreach, are described in
detail. The document was the result of an intensive
effort by the UBS staff examining every aspect of the
existing program against the stated goals and objectives.
Consequently, the Plan represents a roadmap for the
program activities leading to the realization of the pro-
gram goals. Drafts of the plan were reviewed internally
and by DOE/OEM prior to its final publication.

Since its publication, the Plan has been widely cir-
culated, and several hundred copies have been distrib-
uted at conferences and utility expositions where the
UBS program was represented.

IEEE T&D Exposition

Under the ongoing industry outreach activities, the
UBS was showcased in an IEEE T&D Exposition held
in Chicago April 11-14, 1994. This exposition typically
focuses on T&D hardware and is used by utility vendors
to display a wide range of the latest products. The expo-
sition is held once every 2 yr and draws 10,000 to

12,000 participants, predominantly from the utility
industry, during its 1-week duration.

In the past, OEM activities have been displayed at
this exposition in a booth rented by the ORNL T&D
program. This year, ORNL did not rent a booth; how-
ever, the AC Battery Corporation and Delco Remy
jointly rented a large booth and offered to share it with
the UBS. AC Battery Corporation displayed a complete
container and a module, making this the first time that
the AC Battery was publicly displayed to such a large
audience. The hardware display was supplemented by
brochures and background literature describing the
system and its capabilities.

In preparation for this exposition, four new bro-
chures were prepared:

1.

2.

3.

4.

“Let Batteries Charge Up Your T&D Applica-
tion,” describing three T&D applications of
battery energy storage at PG&E, Oglethorpe
Power Corporation, and Southern California
Edison.
“New & Improved Battery Systems for Utility
Applications,” describing the existing and
advanced battery technologies being developed
through the UBS.
“Utility Battery Storage Systems – Program
Overview~’ a synopsis of the UBS Multi-Year
Program Plan.
“AC Battery – From Factory to Full Field Oper-
ations,” illustrating the transportation and instal-
lation of the prototype AC Battery container
ffom the factory to the PG&E test site in San
Rarnon, California.

In addition to these, a UBG brochure was produced
highlighting the existence of the group and providing
background information on battery systems, their appli-
cations, and the utilities making up of its governing
Steering Committee. A complete set of the brochures is
included in the inside back cover pocket of this report.

These brochures supplemented a full line of posters
that were displayed on the booth walls. One poster
traced the significant events in the emergence of BES in
utility applications, another described the full range of
BES applications, and a third described the UBS and its
activities. Reply cards were also included to allow the
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recipient to contact the UBS for additional information
about the UBS program and BES technology.

The booth was set up and manned by UBS and
Energetic staff through the duration of the exposition.
A photo of the booth showing the wall posters is shown
in Figure 8-1. Figure 8-2 is a photo of the AC Battery
container and the module as it appeared from an adja-
cent booth. Four hundred brochure packets were
handed out, and several response cards were received.

The posters and other material prepared for this
exposition were designed for reuse at future conferences
and exhibitions as the opportunity arises.

Metlakatla Village Battery Project

Metlakatla Village, situated in southern Alaska,
operates a large lumber mill that causes an intermittent
spike load on the electric system of the village. The
village is supplied primarily by several small hydro
units. Since the hydro units cannot respond to the rapid
fluctuations caused by the mill operation, the village
installed a 3.3-MW diesel unit, which is operated in a
lightly loaded condition so that it can pickup the sudden
demand from the mill. In this mode, the diesel is loaded

to only about 750 kW. The part load diesel operation
consumes about 400,000 gallons of fuel annually, at a
cost of $360,000. A BES system could readily off-load
the diesel and provide not only the ride-through capabil-
ity but also backup power to the island system.

The UBS identified this project, and detailed pre-
sentations on battery technology and applications were
made by a joint SNL, GNB, and General Electric (GE)
team to the Board of Directors of Metlakatla Power &
Light. By installing a battery storage system, the village
will benefit from direct fuel cost savings as well as sav-
ings related to the maintenance expenses normally
incurred in operating large diesel units. The Board
requested that GNB prepare a formal proposal for the
project. Subsequently, GNB teamed with GE to prepare
the proposal for a l-MW/l .27-MWh BES system that
can carry the mill load and allow the village to shut
down the diesel. In mid-May, the Metlakatla Wlage
Council voted unanimously to purchase the battery sys-
tem. However, since the Rural Electrification Associa-
tion (REA) underwrites the Metlakatla system, the vil-
lage needs this agency’s approval to proceed with the
project. The REA has expressed reservations in grant-
ing this approval, and DOE and SNL staff met with
REA staff to resolve the issues raised by the REA. This
meeting was successful in resolving REA concerns

Figure 8-1. Posters at the IEEE T&D Exposition in Chicago Depict History, Program Elements, and Applica-
tions of the UBS Program, as well as Information on the Utility Battery Group
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Figure 8-2. AC Battery on D~play at IEEE T&D Show

about the readhess of the technology and its applica-
tion. The REA wants DOE/SNL to remain involved in
an advisory/support role to Metlakatla Village during
the course of the project. At present, Metlakatla VMage
and the GNB/GE team are negotiating acceptable terms
for a contract to purchase the system.

Utility Battery Group

The UBG held its regular biannual meetings in
November 1993 in San Ramon, California, and in May
1994 in Dallas, Texas. UBS staff attended the Steering
Committee meeting as well as the general meetings.

The San Ramon meeting showcased the newly
installed AC Battery prototype at PG&E’s MGTF in San
Ramon. The prototype unit had recently been delivered
to PG&E for testing, and, at the time of the UBG meet-
ing, testing was still in the startup stage.

The Dallas meeting marked an evolutionary miles-
tone for the UBG. At this meeting, the voting members
of the Steering Committee passed a resolution allowing
nonutility participation in the Steering Committee
through an Advisory Group. Until that time, the Steer-

ing Committee meetings were open only to the original
eight founding utilities of the UBG.

Other Industry Outreach
Activities

UBS staff attended and made presentations at the
Northeast Electric Utility Battery Conference in Albany,
New York. Two presentations were made to the over
125 attendees at this annual meeting, one being an over-
view of the UBS Program, and another on a recently
completed applications analysis done by UBS. Both
talks generated many questions, and over 20 requests for
more information were received. Of the attendees, more
than 24 eastern utilities were represented, with many
manufacturers and consultants also present. A key issue
raised at the meeting involved the perceived poor reli-
ability of VRLA batteries for utility applications. Since
this technology is being developed by UBS for these
applications, the perception of poor performance by the
industry is significant to future market penetration. Data
presented at the meeting will be reviewed and discussed
with the UBS lead-acid battery developer to investigate
the reliability issue.
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DOWOEM and UBS staff visited PREPA to present
the results of the thermal tests performed on the PREPA
batteries at SNL and tour the recently completed
20-MW spinning-reserve/frequency-regulation battery
system. Other issues discussed during the meeting
included the 5th International Battery Conference that
will be held in Puerto Rico and hosted by PREPA in July
1995.

At the time of the visit, the battery system was in
the startup testing phase. Problems that are normally
expected during the startup of a complex facility such as

the PREPA battery system were being resolved by both
PREPA staff and the subsystem vendors. This battery
system was procured on a piecemeal basis and the major
components were assembled on-site by the different
vendors. Consequently, the predominant problems
encountered were in the controls and integration area.
PREPA was aggressively pursuing understandkg their
root causes, and it was evident that, with this experi-
ence, future battery systems installed by PREPA will be
acquired on a turnkey basis.
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ing, Pleasanton, California, November 1993.

Corey, G., “Results of the Power Processing Work-
shop,” Seventh Utility Battery Group Meeting, Dal-
las, Texas, May 1994.

Corey, G., “Overview of DOE/SNL AC Battery
Project:’ Sixth Utility Battery Group Meeting,
Pleasanton, California, November 1993.

Eidler, P., “The Zinc/Bromine Battery for Storage
Applications Update,” ibid.

Flemrning, R., and H. Meyer, “AC Battery Project Sta-
tus and Plans,” ibid.

Jungst, R., “Dynamic Thermal Testing of Lead-Acid
Batteries for the PREPA System,” ibid.

Norris, B., “AC Battery Test Results;’ Seventh Utility
Battery Group Meeting, Dallas, Texas, May 1994.

Norris, B., “Benefits Analysis of Transportable Battery
Systems;’ Sixth Utility Battery Group Meeting,
Pleasanton, California, November 1993.

Publications

Akhil, A., et al., Battery Ene?gy Storage: A Preliminary
Assessment of National Benefits (The Gateway
Benefits Study). Sandia National Laboratories,
SAND93-3900, December 1993.

Braithwaite, J.W., and W.L. Auxer, “Sodium Beta Bat-
teries,” Handbook of Batteries, Chapter 12,
McGraw Hill, January 1995.

Butler, P.C., Utility Batte~ Storage Systems Program
Report for FY93. Sandia National Laboratories,
SAND93-3899, February 1994.

Butler, P.C., Battery Eneqy Sturage for Utility Applica-
tions: Phase I – Opportunities Analysis. Sandia
National Laboratories, SAND94-2605, October
1994.

McNamee, M., et al., Sodium Suljio_ Battery Develop-
ment: Core Technology Test and Evaluation Pro-
gram. Sandia National Laboratories, SAND94-
1029, May 1994.

PRESENTATIONS AND PUBLICATIONS A-1



A-2 PRESENTATIONS AND PUBLICATIONS



Distribution

ABB Power T&D Co., Inc. (2)
Attm P. Danfors
16250 West Glendale Drive
New Berli~ WI 53151

ABB Power T&D Co., Inc. (2)
Attm H. Weinrich
1100 Cornwall Road
MOrUnOUthJunctiou NJ 08852

AC Battery Corporation
Attn: R Flemming
2080 Energy Drive
P.O. BOX325
East Troy, WI 53120

American Electric Power Service Corp.
Attn: C. Shih
1 Riverside Plaza
Columbus, OH 43215

American Public Power Association
Attn: F. Wright Evans
2301 M St. NW
Washington DC 20037-1484

Anchorage Municipal Light & Power
Attn: M. Aslam
1200 East 1st Avenue
Anchorage, AK 99501

Argonne National Laboratories (3)
Attn: C. Christianson

W. DeLuca
G. Henriksen

CTD, Building 205
9700 South Cass Avenue
Argonne, IL 60439

Arizona Public Service
Attn: R Hobbs
P.O. Box 5399
PhoeniA AZ 85072

AT&T Energy Systems
Attn: K. Bullock
3000 Skyline Drive
Mesquite, TX 75149

AVO International
Attn: Gary Markle
510 Township Line Rd.
Blue Bell, PA 19422

Babcock & Wilcox
Attn: Minfeng Xu
P.O. BOX 785
Lynchburg VA 24505

Bechtel
Attn: W. Stolte
P.O. BOX 193965
San Francisco, CA 94119-3965

Berliner Krafl und Licht (BEWAG)
Attn: K. Kramer
Stauffenbergstrasse 26
1000 Berlin 30
GERMANY

Bonneville Power Administration
Attn: J. Rily
Routing EO
P.O. BOX 3621
portlan~ OR 97208

C&D Charter Power Systems, Inc. (2)
Ann: S. h@C3

L. Meisner
3043 Walton Road
P.O. BOX 239
Plymouth Meeting, PA 194624)239

California State Air Resources Board
Attn: J. Holmes
Research Division
P.O. BOX 2815
Sacramento, CA 95812

Chugach Electric Associatio~ Inc. (2)
Attn: T. LOWS

J. Cooley
P.O. BOX 196300
Anchorage, AK 99519-6300

Citizens Power &Light Corp.
Attn: R Boucher
530 Atlantic Avenue
BostoL MA 02210

Page 1



Consolidated Edison (2)
Atux M. L&OW

N. Tai
4 Irving Place
New York NY 10003

Corn Belt Electric Cooperative
Attn: R Stack
P.O. BOX 816
Bhmnir@oz IL 61702

CREST
Attn: D. J. Anderson
Solar Energy Research & Education Foundation
777 N. Capitol Street NE
Washington DC 20002

Decision Focus, Inc.
Attn: S. Jabbour
650 Castro !jtree~ Suite 300
Mountain View, CA 94041

Delphi
Attn: J. Michael Hinga
P.O. BOX 2439
Andersou IN 46018

Delphi
Attm R Rider
7601 East 88th Place
Indianapolis, IN 46256

Division of Energy
Attm Afzal H. Khan
333 W. 4th Avenue, Suite 220
Anchorage, AK 99501-2341

Eagle-Picher Industries
Attn: J. DeGruson
C & Porter Street
Joplin, MO 64802

Eagle-Picher, Inc.
Attn: J. Zagrodnik
12500 W. Silver Spring Drive
P.O. Box 591
Milwaukee, WI 53201-0591

East Penn Manufacturing Co., Inc.
Attn: M. Stanton
Deka Road
Lyon StatioU PA 19536

Electric Power Research Institute (4)
Attn: S. Chapel

S. Eckroad
R Schainker
R Weaver

3412 HillView Avenue
P. O. BOX 10412
Palo Alto, CA 94303

Electrochemical Consultants, Inc.
Attn: P. $mons
1295 Kelly Park Circle
Morgan Hill, CA 95037

Electrochemical Energy Storage Systems, Inc.
Attn: D. Feder
35 Ridgedale Avenue
Madison, NJ 07940

Electrosources
Attm Michael Dodge
P.O. Box 7115
Lovelant CO 80537

Electrotek Concepts, Inc.
Attn: H. Bamett
P.O. BOX 16548
Chattanooga TN 37416

Energy and Environmental Economics, Inc.
Attn: Greg J. Ball
353 Sacramento St., Suite 1540
San Francisco, CA 94111

Eltech Research Corporation
Attn: E. Rudd
625 East Street
Fairport Harbor, OH 44077

Energetic, Inc. (5)
Attn: J. Badin

J. Hurwitch
H. Lmvitt
P. Taylor
L. Walternath

7164 Columbia Gateway Drive
Columbi& MD 21046

Energy Systems Consulting
Attn: A. Pivec
41 Springbrook Road
Livingston NJ 07039

Page 2



Exxon Research Company (2)
Attn: P. Grimes

R Bearden
P.O. BOX 536
1900 East Linden Avenue
Lindeq NJ 07036

Firing Circuits, Inc.
Attn: J. Mills
P.O. BOX 2007
Nonvidk, CT 06852-2007

Ford Motor Co.
Attn: H. Haskins
23400 Michigan Avenue, Suite 1200
DearborQ Ml 48124

General Electric Company (2)
Attn: E. Larson

N. Miller
Building 2, Room 605
1 River Road
Schenectady, NY 12345

General Electric Drive Systems
Attn: D. Daly
1501 Roanoke Blvd.
Sale@ VA 24153 -

GE Industrial& Power Services
Attn: Bob Zrebiec
640 Freedom Business Center
King of Prussi& PA 19046

General Motors
Attm M. Eskra
1450 Stephenson Hwy.
Mail Code 23
Troy, Ml 48007-7083

Giner, Inc.
Attn: A. LaConti
14 Spring Street
Walthq MA 02254-9147

GNB Battery Technologies
Industrial Battery Company (3)
Attn: S. Deshpande’

G. Hunt
J. Szymborski

Woodlake Corporate Park
829 Parkview Blvd.
LombarL IL 60148-3249

Hawaii Electric Light Co.
Attn: C. Nagata
P.O. BOX 1027
Hilo, HI 96720

Hughes Aircraft Company
Attn: R Taenaka
P.O. BOX 2999
Torrance, CA 90509-2999

Integrated Power Corp.
Attn: J. Adelman
7524 Standish Place
Rockville, MD 20855

ILzRo
Attn: J. Cole
P.O. BOX 12036
Research Triangle Park, NC 27709

Imperial Oil Resources, Ltd.
Attn: R Myers
3535 Research Rd NW
calgaIy, Alberta
CANADA T2L 2K8

Innovative Power Sources
Attn: Ken Belfer
1419 Via Jon Jose Road
Alamo, CA 94507

IPM Technologies
Attn: Donald J. Lucas
2975 Miller Park North
GarlanL TX 75042

Kansai Electric Power Co., Inc.
Attn: Kotaro ~ydli

3-3-22, NakanoshiIIw Kits-Ku
Osi@ JAPAN 530-70

Kenetech/U.S. Power Systems (2)
Attn: Michael Behnke

W. Erdman
6952 Preston Avenue
Livermore, CA 94550

Lawrence Berkeley Laboratory (3)
Attn: E. Cairns

K. Kinoshita
F. McLarnon

University of California
One Cyclotron Road
Berkeley, CA 94720

Page 3



J. Meglen
P.O. BOX 3232
@ktow VA 22124

‘ Metlakatla Power&Light
Attn: D. Pierce
P.O. Box 359
Metlakatl& AK 99926

Micron Corporation
Att.n: D. Nowack
158 Orchard Lane
Winchester, TN 37398

Multiplex ZBB, Pty, LTD.
Attn: Robert J. Parry
P.O. Box 1410, West Perth
Western Australia 6872

N.E.T.S.
Attn: T. Neubauer
P.O. BOX 32584
Juneau AK 99803

National Renewable Energy Laboratory (4)
Attn: R McConnell

R Blauer
C. Harnrnel -
N. RiXl

1617 Cole Blvd.
Golde% CO 80401-3393

New York Power Authority
Attn: B. Chezar
1633 Broadway
New York NY 10019

Northern States Power
Attn: M. Rogers
414 Nicollet Mall
Mimeapolis, MN 55401

NPA Technology
Attn: Jack Brown
Suite 700, Two University Place
Durham, NC 27707

Oak Ridge National Laboratory (3)
Attn: B. ~WSey, Bldg. 3025, MW5040

J. Stoval, Bldg. 3147, MS-6070
J. VanCoevering, Bldg. 3147, MS-6070

P.O. BOX 2008
Oak Ridge, TN 37831

Oglethorpe Power Company (2)
Attm K. Scruggs

C. Ward
2100 E. Exchange Place
P.O. Box 1349
Tucker, GA 30085-1349

Omnion Power Engineering Corporation (2)
Attn: H. Meyer

F. Ruf
P.O. BOX 879
East Troy, WI 53120

Orion Energy Corp.
Attn: Doug Danley
18131 Metz Dr.
Germantown, MD 20874

Pacific Gas & Electric (2)
Attn: B. Norris

R Winter
2303 Camino Rarno% Suite 200
San Ramon, CA 94583

Pacific Noxthwest Laboratoq (2)
Attn: J. DeSteese, K5-02

K. Drost
Battelle Blvd.
Richland, WA 99352

Powercell Corporation
Attn: Reznor I. Orr
One Memorial Drive
Cambridge, MA 02142

Power Engineers, Inc.
Attn: Timothy Ostermeter
P.O. Box 1066
Hailey, ID 83333

Power Technologies, Inc.
Attn: P. Prabhakara
1482 Erie Blvd.
P.O. BOX 1058
Schenectady, NY 12301

Power Technologies, Inc.
Attn: H. Clark
775 Sunrise Ave.
Suite 210
Roseville, CA 95661

Page 4



Puerto Rico Electric Power Authority
Att.m W. Torrea
G.P.O. BOX 4267
San Juq Puexto Rico 00936-426

Raytheon Engineers and Constructors
Attn: A. Randall
700 South Ash St.
P.O. Box 5888
Denver, CO 80217

R&D Associates
Attm J. Thompson
2100 Washington Blvd.
Arlingtoq VA 22204-5706

R K. Sen & Associates (2)
Attn: R Sen

S. Swamimthan
4733 Bethesda Avenue, Suite 608
Bethes@ MD 20814

R K. Sen & Associates
Attn: Robert Reeves
9 Eaton Road
Troy, NY 12180

RMS Company .
Attn: K. Ferris
87 Martling Ave.
Pleasantville, NY 10570

Robicon Corporation
Attn: A. Maruschak
100 Sagomore Hill Road
Pittsbur~ PA 15239

Sacramento Municipal Utility District
Att.m L. Wittrup
6201 S. Street
Sacramento, CA 95817

Salt River Project
Attn: H. Lundstrom
MS PAB 357, BOX 52025
Phoenix, AZ 85072-2025

SAFI’ Research& Dev. Ctr.
Attn: Guy Chagnon
107 Beaver Couxt
Cockeysville, MD 21030

?

SanDiego Gas &Electric Company (2)
Attm T. Nelson

J. Wight
P.O. BOX 1831
San Diego, CA 92112

W. J. Schafer Associates
Attn: S. Schoenung
303 Lindbergh Avenue
Liverrnore, CA 94550-9551

Solarex
Attn: G. Braun
630 Sohrex Court
Fredenc~ MD 21701

SEIA (2)
Attn: G. Jones

s.Sklar
122 c streetNw
4th Flcmr
Washington DC 20001-2104

Silent Power, Inc.
Attn: J. Rasmussen
163 West 1700 South -
Salt Lake City, UT 84115

Silent Power, Inc. (2)
Attn: W. Auxer

A. Koenig
489 Devon Park Drive
Suite 315
Wayne, PA 19087

Silent Power, Ltd.
Attn: M. McNamee
Davy Roa& Astmoor
Runcorq Cheshire
UNITED KTNGDOM WA7 lPZ

Southern California Edison (3)
Attn: A. Rodriguez

R Scheffler
R Schweinberg

2244 Walnut Grove Avenue
P.O. BOX 800
Rosemeade, CA 91770

Southern Company Services (3)
Attn: B. Rauhe

K. Vakhshoozadeh
K. Chakravarthi

800 Shades Creek Par&y
Birmingham AL 35209

Page 5



SRI International
Attm C. Seitz
333 Ravenswood Ave.
Menlo Park CA 94025

Stored Energy Engineering
Attn: George Zink
7601 E 88th Place
Indianapolis, IN 46256

Stuart KuritzJqI
347 Madison Avenue
New York NY 10017

Superconductivity, Inc.
Attn: Jennifer Bilhnan
P.O. BOX 56074
Madisoc WI 53705-4374

Texas Utilities
Attn: James Fangue
Skyway Tower
400 N. Olive, L.B. 81
Dallas, TX 75201

University of Missouri - Rolls
Attn: M. Anderson
112 Electrical Engineering Building
Roll& MO 65401-0249

University of Wisconsin - Madison
Attn: D. Divan
Dept. of Electrical& Computer Eng.
1415 Johnson Drive
Madison, WI 53706

U.S. Department of Energy
Attn: T. Petersik
Energy Information Administration
EI-531 FORSTL
Washing’tom DC 20585

U.S.Department of Energy
Attn: K. Rabago
Oftice of Energy Management
EE-10 FORSTL
Washingto~ DC 20585

U.S. Department of Energy (23)
Attn: R Eaton (20)

R Brewer
J. Dailey
N. Rossmeissl

Oflice of Energy Management
EE-142 FORSTL
Washington DC 20585

U.S. Department of Energy
Attm A. Landgrebe
Office of Propulsion Systems
EE-321 FORSTL
Washington DC 20585

U. S. Department of Energy
Attn.: G. Buckingham
Albuquerque Operations Oftice
Energy Technologies Division
Albuquerque, NM 87115

Virginia Power
Attn: GaIY Vemo
Innsbrook Technical Center
5000 Dominion Boulevard
Glen Elle~ VA 23233

Walt Disney World Design and Eng’g.
Attn: Randy Bevin
P.O. Box 10,000
Lake Buena Vis@ FL 32830-1000

Westinghouse
Attm Tom Matty -
P.O. BOX 17230
Baltimore, MD 21023

Westinghouse STC
Attn.: H. Saunders
1310 Beulah Road
Pittsburgh PA 15235

W. R Grace & Company
Attn.: S. Stxzempko
62 Whittemore Avenue
Cambridge, MA 02140

Yuasa-Exide Inc.
Attn: W. Baumann
32 Allen Lane
Mt. KiSCO, ~ 10549

Yuasa-Exide Inc.
Atttx G. Guagliardi
P.O. Box 14145
2400 Bemville Road
Reading, PA 19612-4145

Page 6



Yuasa-Exide Inc.
Attn: N. Magnani
P.O. Box 14145
645 Penn Street
Reading, PA 19601

Yuasa-Exide Inc.
Attn.: F. Tarantino
P.O. BOX 14205
Reading, PA 1%12-4205

Zaininger Engineering Co., Inc.
Attn.: H. Zaininger
1590 Oakland Roa& Suite B2111
San Jose, CA 95131

ZBB Battery Technologies, Inc.
Attn: P. Eidler
5757 N. Green Bay Avenue
P. O. Box 591
Milwaukee, WI 53201

MS0214 H. Crumley, Attn.: A. Phillips (Org. 10214)
MS0340 J. Braithwaite (Org. 1832)
MS0340 W. Cieslak (Org. 1832)
MS0513 H. Schmitt (Org. 2000)
MS0523 C. Gibbon (Org. 2204)
MS0613 D. Doughty (Org. 2207)
MS0613 P. Butler (Org. 2225)
MS0613 A. Akhil (Org. 2225)
MS0613 J. Freese (Org. 2225)
MS0613 G. Corey (Org. 2225)
MS0614 K. Grothaus (Org. 2222)
MS0614 N. Clark (Org. 2222)
MS0614 R Jungst (Org. 2222)
MS0614 R Clark (Org. 2223)
MS0614 R Carpenter (Org. 2223)
MS0702 D. him (Org. 6200)
MS0752 T. Bickel (Org. 6213)
MS0752 M. Tatro (Org. 6219)
MS0753 W. Bower (Org. 6218)
MS0753 R Bonn (Org. 6218)
MS0753 C. Cameron (Org. 6218)
MS0753 T. Hund (Org. 6218)
MS107O R Bair (Org. 2200)
MS1071 T. Dellin (Org. 2203)
MS1071 T. Allard (Org. 2205)
MS1193 D. Rovang (Org. 1231)
MS9013 W. Delarneter (Org. 5366)
MS9054 W. McLean (Org. 8300)
MS9103 P. Falcone (Org. 8111)
MS9201 S. Gordon (Org. 8112)
MS9018 Central Technical Files (Org. 8523-2)
MS0899 Technical Librmy (Org. 13414) (5)
MS0619 Print Media (Org. 12615)
MSO100 Document Processing for

DOWOSTI (Org. 7613-2) (2)

Page 7


	Abstract
	Contributors
	Contents
	Figures
	Acronyms and Abbreviations
	1. Executive Summary
	Introduction
	Highlights

	2. Battery Systems Analysis
	Tasks/Milestones
	Status

	3. Subsystems Engineering
	Technology Development - GNB
	Quantification of Costs/Benefits
	Technology Evaluation - SNL
	Applied Research - SNL

	4. Subsystems Engineering - Zinc/Bromine
	Technology Development
	Technology Evaluation - SNL

	5. Subsystems Engineering - Sodium/Sulfur
	Technology Development - SPI

	6. System Integration
	AC Battery Development-Omnion
	AC Battery Module Modification for the Hybrid Development Project - Omnion

	7. System Field Evaluation
	PG&E - Testing of AC Battery
	Special Evaluation at SNL-PREPA/C&D Lead-Acid Battery

	8. Industry Outreach
	Multiyear Program Plan
	IEEE T&D Exposition
	Metlakatla Village Battery Project
	Utility Battery Group
	Other Industry Outreach Activities

	Appendix: Presentations and Publications
	Presentations
	Publications

	Distribution

